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A solid-liquid interface is the boundary between a solid, i.e. crystalline or amorphous material, 
and a liquid, for example water or a liquid metal. Such solid-liquid interfaces can exist every­
where. Examples can be found on both sides of skating ice covering channels in the winter. 
Underneath, the ice is in contact with the water of the channel, forming a solid-liquid interface. 
On top, the ice is covered with an ultra-thin water layer1,2. In this case the solid and liquid are of 
the same compound, but this of course does not necessarily have to be so. When, for example, 
sugar cubes (consising of lots of small sugar crystals) are dissolved in water (tea), a sugar-water 
interface is created at which the sugar crystals are dissolving.
Why are we interested in the structure of a solid-liquid interface? The interface of a solid 
is the place where the solid interacts with the environment. For example, lubrication, wear and 
heterogenous catalysis are phenomena that occur at the interface. We all know that the friction 
of a surface can be significantly lowered if the surface is greased with oil. Other important 
processes occurring at the interface are dissolution of the solid and the opposite process, growth 
of the solid. The properties of the interface, such as hydrophobicity and the atomic structure 
at the interface have an influence on these processes. In the case of crystal growth, the atomic 
structure of the interface can influence growth parameters such as the growth speed, incorpora­
tion of impurities and the final macroscopic shape (‘habit’) of the crystal3. The final habit of 
a crystal is determined by the most stable crystal surfaces. Small changes of atom positions at 
the interface of a crystal can change the free energy of the surface and its stability. Thus it is 
important to know the structure of a solid-liquid interface on an atomic scale.
The structure of both the solid (crystal) and the liquid at the interface deviates from the bulk 
structure. Crystals consist of arrays of regularly arranged building blocks, each building block 
having the same content (molecules, ions). The atomic structure of these building blocks can be 
determined using bulk x-ray diffraction. For most crystals these structures are well known and 
they can be found in large databases. However, the structure at the surface of a crystal is likely 
to be different from the bulk. At the interface the crystal is abruptly truncated and exposed to 
a different environment, such as a liquid or vacuum. This can result in a different arrangement 
of the atoms (molecules) at the surface, which can be a relaxation of the surface or a complete 
surface reconstruction. In the latter case, the building block, or unit cell, at the surface is larger 
than in the bulk, e.g. in a (2 x 1) reconstruction the unit cell is twice as big.
A liquid shows no nice regular long-range ordering as can be seen in crystals, instead the 
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Fig. 1.1: (a) Metaphor o f a solid-liquid interface. The photograph was taken by Jaap van Suchtelen at St. 
Peters square, Vatican City, (b) Schematic drawing of a solid-liquid interface. At the interface 
the structure o f both the solid and the liquid deviates from the bulk structure.
tact with the well-ordered crystal surface. It ‘feels’ the periodic ordering of the crystal and can 
adapt (some of) this ordering. Even a liquid in contact with an amorphous hard wall (without 
regular arrays of building blocks) can be influenced by this wall, due to the restricted freedom 
of motion at this wall. This results in layering of the liquid perpendicular to the wall. A nice 
metaphor of a solid-liquid interface is the photograph in Figure 1.1a taken at St. Peter’s square 
in Vatican city just after the pope’s mass. In the ‘crystal’ the chairs are nicely ordered, while 
in the ‘liquid’ the chairs have a random order. Figure 1.1b shows a more schematic drawing of 
this interface where the chairs are reduced to balls. Here, the deviation of the bulk structure of 
both the liquid and the solid can be seen at the interface.
Various theoretical and numerical studies have been performed in order to investigate the 
structure of the liquid at the solid-liquid interface. Molecular dynamics (MD) and Monte 
Carlo (MC) studies showed that the liquid at the interface shows both layering and in-plane 
ordering5,6. Figure 1.2 shows the atomic density profile perpendicular to the surface of the 
Cu(solid)/Al(liquid) interface calculated with MD for the (111) and (100) surfaces4. Clearly 
layering of the liquid can be seen in the first 4-5 atomic layers. The profiles are slightly dif­
ferent for the two different faces, showing the influence of the substrate on the layering. The 
same is found using density functional theory (DFT) applied to crystal/melt interfaces such as 
Al(s)-Al(l)7,8. The in-plane ordering of the liquid is strongest near the surface and vanishes
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Fig. 1.2: Reproduced from Geysermans4. Atomic density profiles perpendicular to the (top) (111) and 
(bottom) (100 ) interface calculated with molecular dynamics. The dotted line represents the Cu 
(solid phase) and the solid line the Al (liquid phase)
towards the bulk liquid. All studies show the same quantitative results.
Many experimental studies to determine the atomic structure at a surface are performed on 
crystals in ultra high vacuum, i.e. with no liquid present, see for example ref9. Experiments 
which determine the atomic structure of a crystal surface covered with a solution are more com­
plicated. An important technique to determine the surface structure is x-ray diffraction. This 
has the advantage over other techniques such as LEED and ion scattering that it can be operated 
in non-UHV conditions. The main difficulty in diffraction experiments, is the background sig­
nal from the liquid, which can easily mask the weak surface signal. Recently, some experiments 
using surface x-ray diffraction have been preformed to determine the structure of a crystal in its 
growth environment. Fenter et al. 1012 have performed experiments on Orthoclase (001), cal- 
cite(104) and barite(001) and (210)-water interfaces and found out-of-plane relaxations of the 
outermost crystal layers. De Vries et al.13 performed experiments on KDP (KH2PO4) crystals 
and found that they are potassium terminated in their growth solution. A similar experiment 
on ADP (NH4H2PO4) crystals, which are isomorphous to KDP crystals, showed an ammonium 
termination of the surface, but the relaxations of the outermost layers were larger and in the 
opposite direction14.
Layering of the liquid in contact with a solid has been observed in a few cases. Toney et 
al. 15 showed layering of the liquid at electrode/electrolyte interfaces as a function of voltage. 
Huisman et al. 16 found direct evidence of layering in liquid gallium in contact with a hard wall 
using x-ray diffraction. Recently, Cheng et al.17 found molecular-scale density oscillations at
4
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the water/mica interface using specular reflectivity. Layering has also been observed at the 
liquid/vapor interface18. Lateral ordering of a liquid in contact with a solid has been observed 
in Pb and Sn monolayers on a Ge(111) surface.19-21 From these studies a picture emerges that 
such a ‘quasi’ liquid has both solid and liquid properties. The atoms spend a significant fraction 
of their time close to lattice sites. Using high-resolution transmission electron microscopy 
(HRTEM) in-plane order in amorphous PD8sSi2o in contact with crystalline Pd3Si has been 
found22. Arai et al.23 found, using the same method, in-plane ordering in a liquid Al/Si alloy 
in contact with solid Si. In the context of surface melting, the nature of the near-surface liquid 
has also been investigated24,25. The thickness of the liquid layer increases upon approaching 
the bulk melting point. Another area in which the structure of a two-dimensional liquid has 
received considerable attention is in intercalation compounds, in which liquid-like alkali layers 
are embedded in a graphite host. 26,27
The goal of the research described in this thesis is to determine the atomic structure of the 
solid-liquid interface, with a focus on the liquid side. For the solid part we only use crystalline 
materials, ranging from ionic crystals to semiconductors. The liquid part of the interface ranges 
from water to liquid metals. The systems used in this thesis can be divided into two classes 
1) metals on a germanium surface and 2) ionic crystals covered with a water layer. These two 
classes show different features. The first type of systems is from a chemical point of view 
rather simple, consisting only of two kinds of atoms. Both experimentally and theoretically 
a lot is known about these kind of systems, thus they allow us to compare our results with 
existing theories. The second type of systems is more complicated, because they consist of 
different ions. The water layer covering these crystals contains not only water molecules but 
also different kinds of ions.
In the remainder of this introduction first the technique we have used to determine the atomic 
structure at the interface will be briefly explained. The last part will introduce the systems used 
in this thesis and the experimental conditions.
1,2 Surface x-ray diffraction
The aim of this thesis is to investigate the atomic structure of solid-liquid interfaces and to find 
the deviations from the bulk structure both at the liquid and at the solid side of the interface. 
How can we determine this structure? The distances between atoms in a crystal are in the range 
of 1—2.10“ 10 m (1-2A), impossible to see with a conventional microscope. However, x-rays 
have wavelengths in the range of 0.5-10 A, which is comparable with the distance between the
5
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atoms in a crystal. X-rays were discovered by Wilhelm Conrad Rontgen in 1895, for which he 
received the (first) Nobel price in 1901. As a consequence of the repeating building blocks in 
a crystal, x-rays can be used to determine the crystal structure. Sir William Henry Bragg and 
William Lawrence Bragg were the first to use x-rays for the structure determination of a crystal. 
They received the Nobel price for this in 1915. Since the early 80’s, not only the bulk structure 
of the crystal, but also the atomic structure at the surface can be determined using surface x-ray 
diffraction (SXRD).28-30.
X-rays are very suitable to use for the structure determination of a solid-liquid interface. 
They are non-destructive, this in contrast with techniques such as transmission electron mi­
croscopy (TEM). They have a small scattering cross-section, which has the advantage that the 
interpretation of the results is straightforward, because kinematical scattering theory can be 
used. The disadvantage is that the signal is very weak, so very intense x-rays are necessary 
to measure this signal. The small scattering cross-section results in a large penetration depth 
of the x-rays. The interface of a crystal can be reached, so that crystals can be investigated in 
their growth solution. However, we are interested in the interface of the crystal, and due to the 
large penetration depth the x-rays also penetrate the bulk of the crystal. This causes a higher 
background scattering from the bulk crystal.
The lack of sufficiently intense sources is the reason why it took nearly 70 years from the 
first bulk x-ray experiments (1913) to the first surface sensitive experiments(1980). In a bulk 
crystal, more atoms contribute to the diffraction signal than in the surface of a crystal. The 
intensity of the signal of the surface is therefore about a million times less than from the bulk. 
Consequently, very strong x-ray beams are needed to measure this weak signal. These beams 
became available in the 1980s at synchrotron radiation sources. Nowadays, third generation 
synchrotron sources provide us with very intense x-ray beams, perfectly suitable to measure 
the small signals, even from crystals covered with liquid layers. All experiments described in 
this thesis were performed at the European Synchrotron Radiation Facility (ESRF) in Grenoble 
(France).
An important issue in SXRD is to obtain surface sensitivity. As mentioned before, the signal 
from the bulk of the crystal is orders of magnitude larger than from the surface. Surface sensi­
tivity is possible, because the surface and the bulk of the crystal diffract at different positions 
in reciprocal space. This is best understood by comparing bulk crystallography with surface 
crystallography, see Figure 1.3. In bulk x-ray diffraction the incoming x-ray beam is scattered 
by all atoms in the crystal. Due to the translation symmetry of a crystal, this scattered beam 
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Fig. 1.3 : Two dimensional diffraction vs. three dimensional diffraction. The left side o f the picture shows 
the real space, on the right the reciprocal space. A 2D surface layer (top) gives rise to rods 
in reciprocal space. A 3D crystal (middle) gives Bragg peaks, and a combination o f the two 
(bottom) yields crystal truncation rods.
centrated. These so-called Bragg peaks correspond to lattice points in reciprocal space. Figure
1.3 (middle) shows the real space (the crystal) with the corresponding reciprocal space (Bragg 
peaks) for bulk diffraction. If we now consider a free floating surface of one layer of atoms, 
this surface has translation symmetry in only two directions, x  and y. The translation symmetry 
in the z-direction (perpendicular to the surface) does no longer exist. As a consequence, the 
diffracted beam will no longer be focussed in points in reciprocal space, but in rods of diffuse 
scattering (Figure 1.3, top).
In a real experiment always a combination of the above two cases occurs, a crystal which 
is terminated by a surface. The result is the combination of the Bragg peaks with the rods
7
Chapter 1
Fig. 1.4: Left, Model o f a crystal covered with a liquid layer o f thickness d. The liquid layer is ordered 
near the surface and has a bulk structure further away. Right, contribution o f the liquid layer to 
the diffracted intensity in reciprocal space. The contribution is largest to the specular rod and 
decreases at higher parallel momentum transfer.
in reciprocal space: the Crystal Truncation Rod (CTR) (Figure 1.3, bottom). The interesting 
information about the structure of the surface can be found in between the Bragg peaks, where 
the diffracted intensity is mainly due to the surface structure. When a surface is reconstructed, 
i.e. when the unit cell at the surface is larger than in the bulk, additional features in the diffraction 
pattern occur: fractional order rods. Due to the different periodicity at the surface the extinction 
conditions are different, which causes diffuse rods appearing in between the CTRs. These rods 
are entirely due to the surface and have no Bragg contributions.
In the case of a solid-liquid interface, not only the crystal surface contributes to the diffrac­
tion signal, but also the liquid near the interface. A bulk liquid gives rise to diffuse scattering 
concentrated in a sphere in reciprocal space. The radius of the sphere is related to the average 
distance between atoms in the liquid. At the solid-liquid interface, the liquid generally also con­
tributes to the CTRs. A liquid that is completely disordered in the lateral direction only shows 
up in the specular reflectivity (the (00) rod). This rod is only sensitive to the electron density 
perpendicular to the surface and ignores the in-plane order. A partially ordered liquid layer also 
contributes to the other CTRs, the highest contribution goes to the CTR with the lowest in-plane 
momentum transfer (Figure 1.4). This is explained in more detail in Chapters 2 and 4.
In practice, the samples are mounted on a diffractometer with which the crystals can be 
accurately oriented. Various types of diffractometers exist of which we have used the z-axis,
8
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Fig. 1.5: Left, schematic drawing of a 2+3 type diffractometer The 7  and 5 circle determine the positi on 
of the detector arm, the v circle is a rotation of the detector arm, keeping the detector slits in a 
constant relative position to the sample. The a circle determines the angle of incidence and the 
u circle is an azimuthal rotation of the sample. Right, the 2+3 type diffractometer present at the 
DUBBLE beamline, with the Exodus UHV-system attached.
2+2-type and 2+3-type diffractometer. Figure 1.5 shows the 2+3-type diffractometer available 
at the DUBBLE beamline31. During the measurements a small incoming angle of the x-ray 
beam is used to avoid too much background scattering from the bulk crystal. Slits are used to 
define both the incoming and outgoing x-ray beam. The integrated intensity of each reflection 
is measured by rotating the crystal about the surface normal. The integrated intensity can be 
converted into structure factors by applying different correction factors, which account for e.g. 
the active sample area and the polarization of the beam32. From these structure factors the 
atomic coordinates can be determined. For the conversion from integrated intensity to atomic 
coordinates three different programs are used: ANA for the integration and correction factors, 





1.3.1 Metals on Ge(111)
This first type of systems is formed by single monolayers of Pb or Sn on a germanium (111) 
crystal and are good model systems for a solid-liquid interface. This is a strongly simplified 
case of the solid-liquid interface present during the growth of crystals using Liquid Phase Epi­
taxy (LPE), in which e.g. semiconductors are grown from macroscopic liquid layers of solvent 
metals like Bi or Sn. The phase diagrams of the Pb/Ge(111) and Sn/Ge(111) systems are well 
known20,34,35. Both systems exhibit different reconstructions at different coverage. At moderate 
temperatures the metal layers melt, forming a liquid layer. For the Sn/Ge(111) system we have 
determined the structure of this liquid layer as a function of temperature. It appears that, even 
above the phase transition, the liquid still shows a considerable amount of solid properties. At 
increasing temperatures this solid-like part becomes smaller (Chapter 4). For the Pb/Ge(111) 
system we examined the phase transition at |  monolayer from a \/3  phase to a (1 x 1) phase. 
During this experiment we discovered a second \/3  phase at the same coverage, which was 
metastable. We have determined the structure of this second V3  phase, which gave us informa­
tion about the melting mechanism and the phase diagram (Chapters 5 and 6).
The experiments on these metal monolayers are performed in an ultra high vacuum (UHV) 
environment with a base pressure of ~  10“ 10 mbar. In such an environment the crystal surface 
can be kept clean for several hours. These experiments require an UHV system coupled to a 
diffractometer. The equipment of beamline ID03 is used for the Sn/Ge(111) system, while the 
Pb/Ge(111) system is measured on the DUBBLE beamline, using our own vacuum equipment 
(EXODUS)36. EXODUS consists of two vacuum chambers, a loading chamber and an UHV- 
chamber. The loading chamber serves as a storage room for samples during the experiment. 
The samples can be transferred from the loading chamber to the UHV chamber using a mag­
netic manipulation rod. The main experiment takes place in the UHV chamber, where the base 
pressure is in the range of 10“ 10 to 10“ 11 mbar. X-rays can reach the crystal through a beryl­
lium window. The crystal is attached to the diffractometer through a bellows which allows the 
positioning of the crystal. The UHV chamber is equipped with RHEED, mass spectrometry, a 
sputter gun, gas inlet system and Knudsen cells for the deposition of Pb and Sn. The whole 





To study the surface structure of an ionic crystal in its growth solution we have used two differ­
ent systems, KDP (KH2PO4) and KBC (KCr2O7). Both grow easily from an aqueous solution to 
a large size. KDP is a crystal of great technological importance, since it is used as a frequency 
doubler in laser applications37. On the morphology of KDP crystals two faces occur, the {001} 
and {101} faces. In this thesis the focus is on the {101} face. This face has two possible surface 
terminations, with either K+-ions on the outside or PO2“ ions. Previous surface x-ray experi­
ments have shown that in solution, the surface terminates in K+-ions13. This has an effect on 
the structure of the nearby liquid and on the crystal growth.
KBC crystals are orange, block-like crystals. They have a layered structure with alternating 
layers A and B which are related by pseudo-symmetry. KBC crystals exhibit hypomorfism, i.e. 
the crystallographic symmetry as measured by x-ray diffraction is not reflected in the crystal 
morphology38-40. An interesting phenomenon of KBC crystals is their etching behavior.41-43 
When exposed to air, an etch-resistent layer develops which inhibits etching in a low-solubility 
solution such as alcohol. This layer builds up in two days and can be removed by etching in 
pure water.
The aim of the experiments was to determine the structure of the solid-liquid interface. To 
measure this structure the thickness of the water layer is important, because a thick layer gives 
rise to a large background scattering, which can easily mask the weak signal from the interface. 
To control the thickness of the water layer two different experimental cells were used, an in-situ 
cell developed by de Vries44 and a ‘tropical’ cell.
The in-situ cell consists of an inner and an outer chamber. The outer chamber is connected 
to a thermostatic bath to control the temperature. The crystal is mounted in its growth solution 
in the inner chamber. The inner chamber can be sealed with a thin mylar foil, through which 
the x-rays can penetrate. The thickness of the liquid layer is a few microns in this set-up. This 
thickness is sufficiently thin to measure the structure of the crystal surface, however too thick 
to measure the liquid structure. Thus even thinner liquid layers are necessary to reduce the 
background scattering even further. These ultra-thin layers are obtained in the tropical cell. 
This cell also consists of two connected chambers. One chamber is filled with water, the other 
contains the crystal. Thus, the relative humidity in the tropical cell is 100%. The temperature 
of both the crystal and the water reservoir can be controlled separately. In these circumstances 
the crystal is covered with a water layer of approximately 20 A, depending on the temperature.
For the KDP crystal we found that the near-surface liquid is highly ordered. The first two
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water layers are ice-like and the next layer still shows some ordering(Chapter 2). This highly 
ordered ’liquid’ at the interface is expected to slow down the incorporation and diffusion of the 
growth units. The KBC crystals are covered with an etch-resistant layer. This layer is found to 
be amorphous and is likely to be permeable for water. The interface between the crystal and the 
amorphous layer is atomically flat and shows no reconstructions. The atomic structure of the 
surface is influenced by the relative humidity(Chapter 3).
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Liquid order at the interface of KDP 
crystals with water: evidence for ice-Hke 
layers
M.F. Reedijk, J. Arsic, F.F.A. Hollander, S.A. de Vries, M.A.C. Devillers and 
E. Vlieg
Abstract
We present a surface x-ray diffraction study on the KDP{101}-water interface in which the 
structure of both the crystalline and liquid part of the interface has been measured. Using ultra- 
thin water layers of varying thickness we have been able to determine the ordering components 
in the liquid in both the perpendicular and parallel directions. We find interface-induced or­
dering in the first four layers of water molecules. The first two layers behave ice-like and are 
strongly bound to the surface. The next two layers are more diffuse and show only minor lateral 
and perpendicular ordering. Subsequent layers are found to behave like a bulk liquid. This 
highly ordered ’liquid’ at the interface is expected to slow down the incorporation and diffusion 




Knowledge of the atomic structure of a solid-liquid interface is important in order to understand 
the different processes occurring at the interface, such as crystal growth, lubrication, wetting or 
catalytic activity1-4. Owing to the truncation of a crystal at the surface, the atomic structure can 
differ from the bulk crystallographic structure. This can result in a relaxation of the outermost 
layers or a reconstruction of the surface. Similarly, the liquid near the interface may differ from 
a bulk liquid. It is influenced by the periodic potential of the crystal surface and is expected 
to show more ordering than in the bulk. The composition of the liquid near the interface can 
be different as well. In the case of crystal growth, these effects will influence parameters like 
the incorporation of impurities, the stability of a surface, the growth speed and the binding of 
molecules to the surface.
Various theoretical and numerical studies have been performed in order to investigate and 
understand the structure of a solid-liquid interface. Numerical calculations using hard sphere 
models5-8 show that the atomic density near the interface displays decaying oscillations (’lay­
ering’). Hard sphere molecular dynamics calculations have further shown that changes in the 
diffusivity and density occur at the interface. Also Monte Carlo (MC)7,9 and Molecular Dynam­
ics (M D)10,11 studies using continuous interactions modelled via Lennard-Jones potentials have 
been done in order to investigate the solid-liquid interface. These studies all show qualitatively 
the same results as the numerical studies, as did calculations using density functional theory 
applied to crystal/melt interfaces12-14.
Layering of the liquid perpendicular to the surface has been observed in a few experimental 
studies. Using x-ray reflectivity Huisman et al. 15 investigated the interface of liquid gallium in 
contact with a hard wall and found direct evidence of layering at the interface. Toney et al. 16 
showed layering at the electrode/electrolyte interface as a function of voltage. Recently, Cheng 
et al. 17 showed oscillations in the water density perpendicular to a mica surface. The density 
oscillations extend to about 10A above the surface. Layering has also been observed at the 
liquid/vapor interface18.
Lateral ordering of a liquid in contact with a surface has been observed in monolayer thick 
Pb or Sn films on Ge(111)19-23. The picture that emerges from these investigations is that such 
a ‘quasi-liquid’ monolayer has both liquid and solid character. The atoms diffuse rapidly on the 
surface, but spend a significant fraction of their time close to lattice sites. For the Sn/Ge(111) 
system, we found that the Sn layer gradually changes from more solid-like to more liquid-like as 
a function of temperature. The only observation of lateral liquid ordering in a thicker film was
16






Fig. 2.1: Schematic side view of the (101) face o f KDP projected on the (111) plane, showing the K- 
termination o f this face.
at the interface of solid Si with a liquid Al-Si alloy, where electron microscopy demonstrated 
this order qualitatively24.
In this paper we present an investigation of the structure of a solid-liquid interface of a 
crystal in contact with its growth solution in which the ordering components of the liquid near 
the interface are quantitatively determined for the first time. Surface x-ray diffraction (SXRD) 
is the most suitable technique for this. It was used in the studies of the quasi-liquid monolayers 
mentioned above, while the intense X-ray beams from third-generation synchrotron radiation 
sources make it possible to investigate solid-liquid interfaces of crystals in contact with their 
growth environment25-28.
We have chosen the {101} face of KDP crystals in contact with ultra-thin water layers as a 
model system. KDP crystals can be grown with high quality and have great technological im­
portance29, e.g. in laser systems for harmonic generation and opto-electrical switching. Grown 
from aqueous solution, two different faces are observed on the morphology of KDP crystals, the 
{101} and {100} faces. The surface structure of the two faces has been determined in previous 
SXRD experiments27. The {101} face in contact with a saturated aqueous solution of a few 
micrometers thickness was found to be potassium terminated (Figure 2.1).
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Fig. 2.2: Schematic drawing o f a crystal covered wi th a partly ordered li quid layer o f thickness d. The 
size o f the ellipses denotes the posi tional ordering o f the various liquid layers. The contri bution 
o f the (partial) ordered liquid to the substrate diffraction rods is strongest in the specular rod and 
diminishes at higher parallel momentum transfer (Q//) in reciprocal space.
2.2 Experimental
Surface X-ray diffraction can probe the atomic structure of an interface by measuring diffracted 
intensities along so-called crystal truncation rods (CTRs)30. These rods are tails of diffuse 
intensity connecting the bulk bragg peaks in the direction perpendicular to the surface. Their 
exact shape is determined by the interface atomic structure. A partly ordered liquid at the 
surface will contribute to the diffraction signal from the substrate with a magnitude that depends 
on the ordering. If the liquid layer is completely disordered parallel to the surface, it does not 
contribute to rods with an in-plane momentum transfer, but only to the specular rod. If the 
liquid layer at the interface is partially ordered owing to the periodic potential of the surface, 
it contributes most strongly to rods with small in-plane momentum transfer. The amount of 
ordering in the liquid can thus be determined by measuring various rods with different in-plane 
momentum transfer. Figure 2.2 shows a schematic drawing of a crystal covered with a partly 
ordered liquid layer and the contribution of this ordered liquid to the rods in reciprocal space.
In order to detect the structure of the near-surface liquid we have used ultra-thin water lay­
ers. This has a twofold benefit: (1) it reduces the background scattering from the bulk liquid and 
(2) it makes it possible to use x-rays with lower energies which in turn reduces the background 
scattering from the bulk crystal. Previous surface x-ray experiments on KDP27 were performed 
with a water layer thickness of several micrometers. This is sufficiently thin to determine the
18





Fig 2.3: Side view o f the environment cell. X-rays enter and leave the cell through a lexan cylinder with 
a thickness o f 0.1 mm.
crystalline structure, but the signal-to-background ratio was insufficient to detect the weak in­
tensity modulation due to the liquid structure. AFM and ellipsometry measurements indicate 
that KDP crystals are covered with an ultra-thin water layer in a humid environment31. We 
therefore developed a special ’environment cell’ to control the thickness of these water layers. 
Figure 2.3 shows a schematic drawing of this cell that is made of copper with a lexan coating 
in order to prevent contamination. The cell consists of two chambers that are in contact with 
each other and of which the temperature can be controlled separately. One chamber contains the 
KDP crystal and the other a water reservoir. The set-up can be operated in a dry or a wet mode. 
In the dry mode, the water reservoir is removed and dry nitrogen is flushed through the cell 
during the experiment. In the wet mode the water reservoir is filled and the relative humidity 
(RH) in the cell is 100%.
The KDP crystals, with dimension 10x10x5 mm3 were grown at Lawrence Livermore Na­
tional Laboratory (LLNL). Before the measurements the crystals were etched for a few seconds
19
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Table 2.1: Different conditions at which the KDP crystals were measured and the total number o f reflec­
tions measured.
Data set Temperature Circumstances # data points
1 25°C Dry nitrogen (0% RH) 147
2 25°C Air (40% RH) 282
3 25°C 100% RH 424
4 45°C 100% RH 178
5 55°C 100% RH 78
in a slightly undersaturated solution. After this treatment the crystal surface exhibits large, 
atomically flat terraces separated by steps with a height of 5.1A, as measured with AFM, which 
is half the height of a unit cell. The misorientation of the crystal surfaces was always smaller 
than 0.3°. The SXRD experiments were performed at beamlines ID3 and ID32 of the ESRF 
(Grenoble)32 using a wavelength of ~ 1 A . The environment cell was mounted on the diffrac­
tometer such that the crystal surface normal was in the vertical plane. All data were obtained 
with a 1.0° incident angle and varying exit angles.
Here we use a surface unit cell for KDP{101} with lattice vectors which are expressed in 
terms of the conventional tetragonal lattice by
ai 2 [111], a2 2








and where a =  7.45A and c =  6.97A are the bulk lattice constants of KDP33. The corresponding 
reciprocal lattice vectors bi are defined by ai • bj =  2n6ÿ. The momentum transfer Q, which 
is the difference between the incoming and outgoing wave vectors, can be described by the 
diffraction indices (hkl) in reciprocal space:
Q =  hbi +  kb2 +  lb3 (2.3)
Here h and k  are integer values and describe the in-plane part of the momentum transfer whereas 
l  is unconstrained and refers to the perpendicular component of the momentum transfer.
We performed experiments for five different humidity conditions, each corresponding to a 
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40% RH, (3) 100% RH at 25°C, (4) 100% RH at 45°C and (5) 100% RH at 55°C. For all 
five conditions a complete data set was measured containing specular and non-specular rods. 
Figures 2.4 and 2.5 show part of the measured data. All measured intensities were converted 
into structure factors by applying a standard procedure34. Table 2.1 summarizes the conditions 
and the total number of reflections measured for each data set. Model calculations and fitting 
were done using the ROD program35, including the ROBACH extension developed at the ESRF 
(Grenoble)36.
2.3 Results
2.3.1 Water layer thickness
The specular rod detects the electron density perpendicular to the surface and is insensitive to 
in-plane order. The entire water layer (ordered and disordered parts) contributes to this rod 
and therefore the total thickness of the water layer can be derived. We find that the thickness 
of the water layer strongly depends on the temperature and relative humidity. If  the thickness 
is large enough, Kiessig fringes37 can be observed with a period that is directly related to the
Diffraction index l
Fig. 2.4: The (00) rod measured at 100% RH and 45° C. A Kiesig fringe can be seen at l =  0.4 The solid 
line is the best fit using the model described in the text. The dashed line gives a calculation for 







Fig. 2.5: Structure factor amplitudes along the (00), (10) and (21) crystal truncation rods, measured at 
100% RH and 25° C. The curves give calculations for the surface structure as determined by de 
Vries et. al27
22
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IO
Diffraction index l
Fig. 2.6: The effect o f increasing humidity and increasing temperature on the (01) and (10) CTRs. The 
filled circles are data measured ad 100% RH and 25° C, the open circles are measured at 100°% 
RH and 45°C and the crosses are measured at 400% RH at 25°C. The lines show the best fits to 
the data.
thickness of the water layer. We observed these fringes only at the two highest temperatures 
(Figure 2.4), where we find a water layer thickness of approximately 22 and 28 Â for 45°C 
and 55°C, respectively. The specular rods measured at the other conditions do not show these 
fringes, indicating a thinner water layer (Figure 2.5). Here, the thickness of the water layer must 
be determined by performing a full analysis of the total data set, which is described in the next 
paragraph.
The specular data thus show that an ultra-thin water layer is present on KDP surfaces in 
100% RH and that the thickness of this water layer increases with temperature (viz. water vapor 
pressure). These x-ray data confirm earlier ellipsometry studies we performed from which we 
estimated a water layer thickness of 15 ±  10Â at 25°C.
23
Chapter 2
Table 2.2: Model used for fitting. Each atom is described by a position (x,y,z) in fractional coordinates,
an anisotropic Debye Waller parameter and an occupancy.
x y z DW// D W i Occupancy
Layer n, On a4+dz2 1000 DW±(O4) Occ(O4) ~k 2 ~k
(n>4) Tz - z mean  1erIC° V2a -I
Layer 4, O4 - - Z4 1000 DWi(O4) Occ(O4)
Layer 3, O3 x3 y3 z3 DW//(O3) DWi(O3) Occ(O3)
Layer 2, O2 x2 y2 z2 DW(O2) DW(O2 ) Occ(O2)
Layer 1, Oi x i y i zi DW(O1) DW(O1 ) Occ(O1)
K+ bulk bulk A z(K+) bulk bulk Occ((K+)
H2PO4- bulk bulk A z(H2PO4- ) bulk bulk Occ(H2PO4- )
2.3.2 Ordering of the water layer
An indication of the ordering of the liquid layer on the diffracted intensity can be obtained by 
comparing the measured structure factors with the calculated ones obtained using the model of 
De Vries et al.(Figure 2.5). That model was derived from data excluding the specular rod and 
did ignore the effects of the liquid. As expected, large differences are found for the specular 
rod and somewhat smaller differences for the other rods, in particular for the weakest structure 
factors that we were able to measure more precisely thanks to our reduced background. This 
behavior indicates that the water layer possesses some in-plane order.
Differences are also observed between the different sample environments, not only in the 
specular rod, but also in the other rods, see Figure 2.6. The changes in the rods are large when 
the relative humidity is increased, an increase in temperature has a smaller effect on the rods. 
The rods measured at 45°C are similar to those measured at 55°C except for the specular rod. 
This shows that only the thickness of the water layer is increasing and that the in-plane ordering 
doesn’t change. At 45°C we are thus measuring a water layer that is infinitely thick for as far as 
the interface structure is concerned. Since the data set at 55°C is smaller than at 45°C, we will 
not show the 55°C data in the remaining of this paper.
24
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Table 2.3: Best fit parameters, values with an * were fixed during fitting. The parameters are described 
in Table 2. All positions are in fractional coordinates.
Dry nitrogen 40% RH, 25°C 100% RH, 25°C 100% RH, 45°C ref19
A N to Tf O^ 1 0.12 ±  0.04 0.01 ±  0.03 0.05 ±  0.03 0.02 ±  0.02 0.04 ±0.05
Az(K+) (A) -0.13 ±  0.03 0.15 ±  0.04 0.16 ±  0.03 0.09 ±  0.03 0.10 ±  0.05
Occ(H2 PO J) 1.00 ±  0.02 0.85 ±  0.03 0.86 ±  0.02 0.93 ±  0.02 0.95
Occ(K+) 0.68 ±  0.04 0.67 ±  0.05 0.71 ±  0.03 0.69 ±  0.04 0.77
/ y . *x 2 0.88 ±  0.01 0.88 ±  0.01 0.88 ±  0.01 0.88 ±  0.01
/ y . *
J b  1 - -0.02 ±  0.03 -0.02 ±  0.02 0.20 ±  0.02
/ y . *x 3 0.54 ±  0.02 0.51 ±  0.04 0.49 ±  0.04 0.50 ±  0.01
y* 0.13 ±  0.01 0.13 ±  0.01 0.13 ±  0.01 0.13 ±  0.01
y* - 0.75 ±  0.02 0.77 ±  0.02 0.77 ±  0.02
y co * 0.49 ±  0.02 0.51 ±  0.04 0.45 ±  0.03 0.47 ±  0.01
z* 1.37 ±  0.01 1.35 ±  0.01 1.37 ±  0.01 1.39 ±  0.01
z2 - 1.44 ±  0.01 1.42 ±  0.01 1.44 ±  0.01
zz3 1.58 ±  0.01 1.45 ±  0.01 1.47 ±  0.01 1.48 ±  0.01
z4 - - 1.53 ±  0.01 1.51 ±  0.01
dz2 - - 0.15 ±  0.02 0.10 ±  0.02
DW(Oi) 1.1* 1.1* 1.1* 1.1*
DW(O2) - 1.1* 1.1* 1.1*
DW//(O3) 158 ±  30 106 ±  41 182 ±  44 12 ±  8
DW ±(O3 ) 1.1* 93 ±  26 179 ±  28 164 ±  27
DW±(O4 ) - - 127 ±  31 236 ±  64
Occ(O1 ) 0.98 ±  0.04 1.00 ±  0.05 0.98 ±  0.03 1.08 ±  0.09
Occ(O2) - 0.59 ±  0.1 0.44 ±  0.08 0.71 ±  0.1
Occ(O3) 1.62 ±  0.28 1.74 ±  0.2 2.43 ±  0.4 1.35 ±  0.3
Occ(O4) - - 1.86 ±  0.45 2.13 ±  0.08
zmean - - 2.16 ±  0.03 3.39 ±  0.05
a - - 0.51 ±  0.02 1 ±  0.03
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Fig. 2.7: Total thickness o f the water layer for different temperatures at 100% RH as determined from the 
best fits.
2.4 Model
All data, including the specular rod, is fitted simultaneously. In order to achieve this, we need 
a model that describes all features of the interface shown in Figure 2.2. Thus the model must 
contain a crystalline part describing the KDP crystal surface and a liquid part describing both the 
ordering properties and the thickness of the water layer. A potassium terminated KDP surface 
(Figure 2.1), where relaxation of the outermost potassium and phosphate groups is allowed, is 
used to model the crystalline part (following de Vries et al.27). The liquid at the interface is 
likely to consist of a saturated KDP-solution thus containing 20 Wt-% KDP and three types of 
molecules and ions. The present data, however, do not allow us to model details of the liquid­
like concentration gradients. Therefore, as an approximation, the layer is modeled using only 
oxygen atoms representing the water molecules (x-rays are insensitive to hydrogen atoms). By 
allowing oxygen occupancies larger than 1, we can correct for the small density difference with 
a saturated KDP solution.
The saturated water layer is modelled with planes of oxygen atoms which are taken parallel 
to the surface. The oxygen distribution and periodicity within one layer follow the crystallo- 
graphic lattice of the KDP surface, each layer consisting of one oxygen atom per unit cell. The 
amount of the ordering of each layer is fitted through anisotropic Debye Waller parameters of 
the oxygen atoms. Figure 2.2 shows a schematic drawing, where the oxygen atoms are rep­
resented by grey ellipses. The in-plane and out of plane Debye Waller parameters determine 
the values a and b of the ellipses. A small in-plane parameter corresponds to a layer with high 
lateral ordering that will contribute to all rods. Bulk liquid layers that only contribute to the 
specular rod, are modelled by giving them a large in-plane Debye-Waller parameter (>1000).
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The occupancy of the oxygen atoms in the layers is related to the density of the liquid 
layer. The occupancies of the first four layers are fitted, the occupancies of the additional 
layers are related to the occupancy of the fourth layer via an error function36, giving rise to a 
slowly decaying density. With this model the ordered and disordered parts of the water layer are 
described simultaneously. The different fit-parameters of this model are summarized in Table 
2.2.
2.5 Discussion
The model describes our data well for all conditions. Table 2.3 shows the best-fit parameters 
obtained at the different conditions together with the reduced %2 values. Figure 2.6 shows the 
best-fit model calculation for the (10) and (01) rods together with the measured structure factors 
for different conditions. Note that the fits are based on the entire data set, including the specular 
rod.
We first discuss the crystalline part of the interface. The relaxation of the outermost K+- and 
H2PO4_ - layers is small except for the dry nitrogen condition, apparently due to the absence of 
the water layer. The occupancy of these layers is a little less than one, but quite constant for all 
conditions. The results for the thicker water layers fully agree with the previous experiment in 
solution27.
Next we discuss the structure in the liquid layer. From the fit, the total thickness of the 
water layer can be derived (Figure 2.7). This thickness is defined as the distance between 
the outermost potassium layer and the point where the density of the water layer is halved. The 
thickness increases with increasing temperature and vapor pressure. Somewhat surprisingly, we 
find two well-ordered oxygen layers for all conditions, including dry nitrogen. The optimum 
Debye Waller parameters of these two layers were found to be near the bulk values for oxygen 
and were subsequently fixed on these values. Both the lateral and perpendicular position of these 
oxygen atoms are well defined. As can be seen in Figure 2.8, both atoms are in close contact 
with the topmost crystal layer, with which the atoms apparently have quite a strong interaction. 
Our data indicate that these layers are more ice-like than liquid. Subsequent oxygen layers 
rapidly loose their order. At 100% and 40% RH we observe one additional layer with some 
lateral and perpendicular ordering. At 100% RH we observe more layers in the specular rod, 
but these have no positional order. The thickness of the diffuse part of the water layer increases 
with increasing temperature and vapor pressure.
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Fig. 2.8: Schematic side view (top) and top view (bottom) o f the KDP {101} surface, including the two 
wellordered water layers.
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electron density distribution on the z-axis. The in-plane order of the water layer can be taken 
into account using an additional term in the density distribution depending on the in-plane 
momentum transfer and in-plane Debye Waller parameters. Then the density distribution (pz) 
across the interface contributing to a rod with an in-plane momentum transfer q// can be calcu­
lated by a summation over all individual contributions of atoms i  using
Z (  Q2 D W i,//  ^  1 (  - ( z i — z )2\  
p z =  ^  z , ni  e x p  ^ / / - ¡ ^ - r )  e x p ^  < ±  )  <2  4 )
where Z  is the atomic number, n is the occupancy, Q //  is the parallel momentum transfer, D W //  
is the in-plane Debye Waller factor, a±  is the mean square vibration amplitude and is equal to 
■\JDWt and Zi is the position of atom i. The first exponent depends on the parallel momentum 
transfer and shows to which extent the different rods are sensitive to the liquid structure. This 
factor is 1 for the specular rod, where the parallel momentum transfer is zero and decreases for 
the other rods depending on the in-plane Debye Waller factor. The electron density distribution 
for the specular rod is the ‘genuine’ distribution, including the diffuse part of the liquid layer. 
The profiles for the other rods show the part of the electron density that corresponds to this 
particular Fourier component in the liquid.
Figure 2.9 shows the electron density distribution across the interface at the different con­
ditions calculated with equation 2.4. The electron density is normalized to the electron density 
for water. The density profile of the KDP crystal measured in dry nitrogen is not shown because 
this crystal does not exhibit a diffuse water layer and shows atomic-scale roughness. Density 
distributions are shown for the (00), (10) and (20) rods. The theoretical density of a saturated 
KDP solution is shown as a horizontal line. For the thick water layers (45°C and 55°C) the 
density of the diffuse part of the liquid layer is close to the density of a saturated solution. From 
the (00) profile, we find a gradual liquid/gas interface. Since for our thin layers capillary waves 
should not play a significant role, this large interface width may be caused by local thickness 
variations in the film.
The position of the two ice-like layers is very similar for all four conditions. The layer 
spacing between the two ordered oxygen layers decreases with the layer thickness from 0.88 A  
at ambient circumstances to 0.43 A  at 100% RH and elevated temperatures. The two oxygen 
atoms occupy different lateral positions in the unit cell (Figure 2.8). The oxygen atoms in the 
first water layer are very close to the crystallographic lattice position of the next potassium layer. 
This may imply that this layer consists of potassium ions as opposed to oxygen atoms (water 
molecules). This could be an indication that the potassium ions are pre-ordered in the liquid
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towards the KDP surface. To verify this, a fit was made where the first ordered layer of oxygen 
atoms is replaced with potassium ions. The occupancy of the extra layer of potassium ions 
varies between 40 and 60% at the different conditions. The distance between the two outermost 
K-layers at the surface increases from 0.91A, 1.1A to 1.38A with increasing layer thickness. 
The latter value approaches the bulk value of 1.25A. This results in an equaly good fit as in the 
case of oxygen atoms. However, the small layer spacing between the two K-ions, corresponding 
to a 30% compression at ambient circumstances, seems unrealistic. It is thus more likely that 
this layer consists of water molecules, that form a hydrogen bond with the outermost phosphate 
group (the distance is 3A). The oxygen atoms of the second ordered layer are located near the 
outermost potassium ions and may shield the charge of these ions.
The two ice-like layers at the interface will have a clear influence on the crystal growth. The 
rate at which growth units attach to the surface must be reduced due to the reduced mobility at 
the interface. In addition, surface diffusion of growth units on the terraces will be hampered. 
At moderate supersaturation, it is well-known that the dominant growth mechanism of KDP is 
direct incorporation at the step edges. Only at high supersaturation, 2-dimensional nucleation on 
the terraces is observed38. Since the ice-layer at a step edge will be thinner than on the terraces, 
our observations indicate that the growth mechanism will be even more strongly biased towards 
direct incorporation at the step edges.
Thin water films have been extensively studied in the context of wetting on (biological) 
materials3 and evidence for icelike layers was found on mica surfaces39,40. Even though mica 
does not dissolve in water, while in our case the water contains 20 Wt% KDP, our x-ray diffrac­
tion results lend support for the icelike layers on mica and are in fact a more direct structural 
determination than the methods used previously40.
2,6 Conclusions
We have used surface x-ray diffraction to determine the atomic structure of the liquid at a solid­
liquid interface of an ionic crystal using ultra-thin water layers. These ultra-thin layers can be 
obtained using a specially developed ’environment cell’ in which the relative humidity is 100% 
and the temperature can be controlled. The water layer thickness increases with increasing 
relative humidity and temperature (i.e. at increasing water vapor pressure).
The liquid structure at the interface shows two important features. First, at all conditions 
measured the crystal is covered with two ice-like layers of water molecules. The two ice­
like layers are tightly bound to the surface, and occupy well defined positions on the surface.
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Fig. 2.9: Electron density distribution across the interface at55°C (a), 45°C (b), 25° C (c) and in ambient 
circumstances (d). The electron density is normalized on the electron density o f water. The 
density distribution is shown for three parallel momentum transfers, (hk) = (00) (solid line), 
(hk) = (10) (dotted line) and (hk)=(20) (dashed line). In addition, the dash-dotted line gives the 
electron density o f a saturated KDP solution.
Second, these ice-like layers are covered by a diffuse water layer in which the first layer of 
water molecules still shows in-plane ordering induced by the KDP surface.
In general, our observations agree with earlier theoretical studies that predicted a stronger 
perpendicular than lateral ordering. The highly ordered first two water layers were unexpected 





interactions with the ionic surface and deserve further theoretical investigation.
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Surface structure of potassium dichromate 
(KBC) crystals
M.F. Reedijk, J. Arsic, D. Kaminski, W.J.P. van Enckevort and E. Vlieg
Abstract
We present a surface x-ray diffraction study of the {001} faces of potassium dichromate crystals 
in a humid environment. An etch-resistant layer develops in such an environment, which pre­
vents the crystal from etching in a low-solubility solution. This layer is shown to be amorphous 
and is likely to be permeable for water molecules. The interface between the crystal and the 
amorphous layer is atomically flat. The crystal surface is not reconstructed, showing a potas­
sium termination. The atomic structure of the surface is influenced by the relative humidity 
(RH), at 40% RH the top layer of molecules is expanded while at 100% RH these molecules are 
compressed. A first indication is given of a structural difference between the (001) and (001) 




The surface structure of a crystal is of importance because it influences the different processes 
occurring at the interface, such as crystal growth or etching1,2. Parameters like the growth speed, 
incorporation of impurities and morphology of the crystal can be influenced by the exact type 
and position of the atoms at the surface. For example, whether or not a surface is reconstructed 
plays an important role for the growth mechanism and morphology of the crystal. Many (ionic 
and organic) crystals are grown from solution; in that case not only the crystal surface but also 
the structure of the near-surface liquid influences the growth parameters. Therefore, knowing 
the identity and location of the atoms at the solid-liquid interface gives more insight in the actual 
growth process. Previously, we have determined the interface structure of KDP (KH2PO4) 
crystals in solution and found that the crystals are covered with two ice-like layers3 and two 
more water layers with limited order.
Here we present the surface structure of KBC (K2Cr2O7) crystals in a humid environment. 
In such an environment, the crystals are covered with an ultra-thin water layer, which resembles 
the solution growth environment of the crystal. KBC crystals are block-shaped, orange crystals, 
which can be easily grown from an aqueous solution. KBC crystals have a layered structure 
with alternating layers A  and B . These layers are related by tetragonal pseudo-symmetry, a 
rotation of 90° of layer A  results in an almost perfect layer B  (Figure 3.1). AFM experiments 
show one of the two layers to be energetically more favorable and thus to terminate the crystal 
at the surface4,5.
KBC crystals show the ill-understood phenomenon of hypomorphism, i.e. the symmetry of 
the crystal structure is not reflected in the crystal morphology.6-8 The (001) crystal surface is a 
smooth growth face showing large spirals, while the opposite (001) face shows a more rough, 
block-like structure, with mini-facets and inclusions9. This difference between the two faces 
indicates a P1 symmetry, but the symmetry as measured by x-ray diffraction is P1 .10,11 The 
etching and growth behavior of the {001} faces of KBC crystals in ethanol/water mixtures has 
been extensively studied using atomic force microscopy (AFM) and optical microscopy.4,9,12 
Depending on the preparation conditions, an etch-resistant layer develops on the {001} faces, 
which prevents the crystal from etching in a low-solubility solution. The structure of this layer 
is unknown.
The aim of the present study is to determine the interface structure of the {001} surfaces 
of a KBC crystal in contact with water. Using surface x-ray diffraction (SXRD), the atomic 
structure of these faces can be determined. This also gives insight in the nature and development
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Fig. 3.1: Side view of the KBC (001) face. The crystal has a layered A-B structure, each layer consisting 
o f 2 molecules X  and Y . These molecules are related to the molecules in the second layer by 
tetragonal pseudo symmetry.
of the etch-resistant layer in a humid environment. By performing the experiments both on the 
(001) and (001) surface additional information on the hypomorfism of KBC crystals is obtained. 
Therefore, SXRD experiments are performed on both {001} surfaces of KBC-crystals exposed 
to different relative humidities.
3.2 Experimental
Due to the high penetration depth of x-rays, SXRD is an ideal tool to measure the atomic 
structure of a surface in solution. SXRD can probe the atomic structure of an interface by 
measuring diffracted intensities along so-called crystal truncation rods (CTRs).13 These rods 
are tails of diffuse intensity connecting the bulk bragg peaks in the direction perpendicular to 
the surface and are caused by the truncation of the crystal at the surface. Their exact shape is 
determined by the interference of the surface with the bulk scattering contributions.
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To measure the structure of a surface under water, the water layer has to be sufficiently 
thin to reduce the background scattering from the bulk liquid. However, the liquid has to be 
thick enough to behave as a three dimensional bulk liquid. Following the same procedure 
as was used for the previous measurements on KDP crystals, we use an environmental cell 
in which the relative humidity (RH) is 100% to perform the experiments. The KDP crystals 
were found to be covered with a liquid layer, with a thickness that depends on the RH and 
temperature.3 AFM experiments have shown that also KBC crystals in such an environment are 
covered with an ultra-thin water layer14. The environmental cell consists of two chambers that 
are in contact with each other and of which the temperature can be controlled separately. One 
chamber contains the KBC crystal and the other a water reservoir, keeping the relative humidity 
(RH) in the cell 100%. X-rays can reach the KBC crystal through a lexan window of ~1mm 
thickness. To measure the interface structure of the KBC crystal in water two data sets have 
been measured, one at ambient conditions (40% RH and 25°C) and another one at 100% RH 
and 25°C. These data sets consist of CTRs, a specular rod and in-plane data. A smaller data-set, 
consisting only of a specular rod, was measured for the (001) face. In addition, some data was 
obtained using ethanol instead of water.
The KBC crystals were grown in our laboratory up to a size of 20mm3 from an aqueous 
solution at 40°C by slow evaporation of the solvent. The difference between the (001) and 
(001) faces was determined using optical microscopy. Before the measurements the {001} 
faces of the crystals were etched in pure water for a few seconds. This treatment resulted in 
clean KBC-surfaces with large terraces and without an etch-resistant layer. The mis-orientation 
of the crystal surfaces was <  0.3°. The stability of the surface in the different circumstances 
was checked by repeating some measurements.
The diffraction experiments were performed on beamline ID32 of the ESRF in Grenoble, 
using a wavelength of ~0.7A . The environmental cell was mounted on the diffractometer such 
that the surface normal was in the horizonal plane. All data were obtained using a 1.0° glancing 
incoming angle and a varying exit angle. The measured intensities were converted into structure 
factors by applying a standard procedure.15 Model calculations and fitting were done using the 
ROD program.16
In our analysis, we use a unit cell where the low-energy A-layer is on top. The cell param­
eters are ai =  7.445, a2 =  7.376, a3 =  13.367, a  =  97.96°, ß  =  96.21°and y =  90.75°, in 
which a 1 and a2 are in the surface plane and a3 is the out-of-plane component11. The corre­
sponding reciprocal lattice vectors b j  are defined by ai • bj =  2n5ij . The momentum transfer 
Q, which is the difference between the incoming and outgoing wave vectors, is described by
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Fig. 3.2: (Top) The (10) rod measured in air after 0 (filled circles) and 4 hours (open circles). (Bottom) 
The (00) rod measured after 1 hour (filled circles), 10 hours (open circles) and 28 hours (crosses). 
The solid curves represent calculations for a bulk terminated crystal.
the diffraction indices (hkl) in reciprocal space: Q =  hb1 +  kb2 +  1b3. Here h and k are integer 
values describing the in-plane momentum transfer whereas l is unconstrained and refers to the 
perpendicular component of the momentum transfer.
3.3 Etch-resistant layer
It is known that an etch-resistant layer on the KBC surface develops when the crystal is in 
contact with air. The strength of the layer increases with to the air-exposure time. This layer is
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Fig. 3.3: The (00) rod measured in air after 1 hour (filled circles) and after more than 30 hours o f air 
exposure followed by a few seconds etching in pure water (triangles).
strong enough to prevent etching in a low-solubility solution such as ethanol and ethanol/water 
mixtures, but can be removed in a stronger etching solvent such as pure water. The nature of 
this layer is unknown. We monitored the development of this layer starting from a fresh KBC- 
surface. During the experiment both CTRs and the specular rod were measured as a function of 
time. Different information is obtained from the specular rod and the CTRs. The specular rod 
is sensitive to the electron density distribution perpendicular to the surface (e.g. the thickness of 
the layer), whereas the CTRs also probe the in-plane ordering. Measurements were preformed 
at ambient circumstances and at 100% RH. The time dependence in both circumstances was 
found to be similar, so only the data measured at ambient circumstances is shown here.
The data show a time-evolution that depends on the position in reciprocal space. The CTRs 
do not change significantly in time. Apparently, they are not affected by the development of 
the etch resistant layer. As an example, Figure 3.2 (top) shows the (10) rod measured after 0 
hours and 4 hours of air-exposure time. In contrast, the specular rod changes significantly as a 
function of time. Figure 3.2 (bottom) shows the specular rod measured in air after 1 hour, 10 
hours and 28 hours. The changes in the specular rod are located between l = 0 and l = 1.7, at 
higher momentum transfer no significant changes are observed.
To verify that the changes in the specular rod are indeed due to an etch-resistant layer, a 
crystal which was exposed to air for more than 24 hours was etched a few seconds in water. 
Water is a sufficiently strong solvent to remove the etch resistant layer, as was shown by AFM 
experiments4. The structure factors of the specular rod are found to return to the initial values 
of the fresh KBC-surface (see Figure 3.3). The agreement is not perfect, due to the slightly 
different times at which the rods were measured.
We thus find that the etch-resistant layer is only observed in the specular rod at low l  values.
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This behavior points to a non-crystalline, amorphous character of the layer. Such a layer has 
no contribution to the diffracted intensity of the CTRs, due to the lack of in-plane ordering 
and is only visible in the specular rod. The fact that the etch-resistant layer is only visible 
at low momentum transfer implies that the layer is fairly rough, which was also observed by 
AFM.4 Because the CTR’s are unaffected, the interface with the crystal must be smooth. It is 
difficult, however, to draw more detailed conclusions, because the specular rod is also sensitive 
to other parameters such as the presence of a water layer on the surface. No Kiessig fringes17 are 
observed in the specular rod, which may indicate that, in addition to the roughness, the thickness 
of the etch-resistant layer is in the order of 10-30A. AFM and ellipsometry measurements in 
different circumstances as well as spectroscopy may give more information on the etch-resistant 
layer.
3.4 Surface structure
Since the etch resistant layer does not affect the CTRs, the interface structure of KBC crystals 
could be determined while ignoring this amorphous layer. Complete data sets were measured at 
two conditions, in ambient circumstances (40% RH and 25°C) and in 100% RH, 25°C. These 
data sets consist of different crystal truncation rods including the specular reflectivity rod, but 
the latter is omitted in the data analysis, to exclude the effects of the etch resistant layer.
The data measured at the two relative humidities are surprisingly different. Figure 3.4 com­
pares the measured structure factors for the (10) and (21) rods. Note that the intensity of the 
data measured at 100% RH is significantly lower. The signal to background ratio is also worse 
at 100% RH (0.6 compared to 2.8), which is not only due to the lower signal, but also to a higher 
background. The differences between the two circumstances were reproducible.
It seems strange that a change in relative humidity from 40% to 100% causes such a large 
difference in the structure factors, and thus in the surface structure, because the interface is sup­
posedly not in direct contact with the air, see Figure 3.5. The diffraction data gives information 
about the crystalline part of the system. The crystalline part is covered with the amorphous 
etch-resistant layer, which shields the KBC surface from the environment. However, changes 
in the environment do have an influence on the buried KBC surface, which implies that water 
molecules can penetrate through the etch-resistant layer and thus that this layer is porous. It 
could well be that this layer contains water molecules.
To fit the data measured at 100% RH a KBC crystal surface is used with an A  termination, 
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Fig. 3.4: Data for the (21) rod and (10) rod measured in 40% RH filled circles) and in 100% RH (open 
circles). The solid line is the best-fit model calculation for the data measured in 100°% RH. The 
dashed line is the best-fit model calculation for the 40°% RH data, the dashed-dotted line is a fit 
with fewer parameters, as described in the text.
vertically. The upper and lower half of the molecules are allowed to move separately as shown 
in Figure 3.6, but the displacements are the same for both molecules in order to minimize the 
number of fitting parameters. In addition, the molecules each have an in-plane Debye Waller 
parameter, the perpendicular Debye Waller parameter is fixed at the bulk value. Together with 
an overall scale factor and a roughness parameter ß, the total number of fit parameters is 6.
The 100% RH data could be well fitted with this model, the reduced %2 value is 1.8. The 
best-fit parameters are shown in Table 3.1, Figure 3.4 shows the (10) and (21) rod with the best-
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Fig. 3.5: Schematic drawing o f a KBC crystal covered with an etch resistant layer and a thin water layer. 
The etch-resistant layer is identified from measurements o f the specular rod. The water layer 
has been observed by AFM14 on KBC crystals. The interface structure between crystal and etch 
resistant layer was deduced from the CTRs.
Fig. 3.6: The two topmost molecules in the model. The displacements are shown as found for the surface 
measured in 100°% RH. For the fit in 100°% RH, z\ =  z4 and z2 =  z3 =  z5 =  z6 thus only two 
displacement parameters are used. For the fit in 40 % RH all displacements are different
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Table 3.1: Best-fit parameters. The displacement parameters are given in JJ. The in-plane fit parameters 
used for the fit in air are given in Table 3.2
Parameter 100% RH 40% RH,13 par. 40% RH, 21 par.
roughness ß 0.14(2) 0.01 0.07(2)
X zi -0.26(5) 0.63(7) 0.51(4)
XZ2 0.26(5) 0.35(13) 0.02(3)
XZ3 0.26(5)* 0.008(40) -0.25(4)
Yz4, -0.26** 0.77(7) 0.67(4)
YZ5 0.26** 0.60(9) 0.64(4)
Y z6 0.26** -0.08(3) -0.28(4)
DW // 1 18(2) 22(3) 29(5)
DW // 2 6(1) 13(3) 21(4)
*value is the same as for z2, molecule X  
**values are the same as for molecule X
Table 3.2: Atomic displacements (JJ) o f the KBC molecules in the top two layers as measured in air for
the models with the large parameter set (large) and small parameter set (small).
Molecule Ax A y Az
small large small large small large
X 0.12(2) 0.17(3) -0.16(2) -0.13(6) f f
Y - -0.02(3) - -0.05(6) f f
X  * 0.09(1)* 0.14(2) 0.09(1)* 0.25(4) - -0.14(2)#
Y * - 0.06(2) - 0.17(4) - -0.14(2)#
X , Y  2nd layer - 0.06(1)* - -0.06(1)* - 0.17(3)
*# Values are coupled
f Values are displayed in Table 3.1
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fit model calculation. A model with the alternative B -layer on top gives a worse fit (x2 =  4.1). 
This confirms the conclusion of Plomp et al.4 based on a geometrical analysis of etch pits, that 
the A  termination is the most stable one. The ß  value found for the atomic roughnes of the 
surface corresponds to an RMS roughness of 1.6 A , which shows that the interface between the 
KBC crystal surface and the amorphous layer is atomically flat. The surface is K+ terminated 
and shows no reconstruction. A calculation where the outermost K+ ions are allowed to move 
did not improve the fit. The two displacement parameters of the molecules X  and Y  have an 
opposite sign, showing a compression of the first layer. A model without such a compression 
(with a single displacement parameter for a molecule) shows a worse fit, even when more dis­
placement parameters in lower layers are included. The top layer of molecules has a relatively 
high Debye Waller parameter, indicating a large in-plane vibration amplitude, or (more likely) 
static disorder.
The data measured at 40% RH shows more modulations in the CTRs. Therefore the simple 
model used for the data measured at 100% RH was not sufficient. More in-plane and out-of­
plane displacement parameters had to be included and a good fit (x2 value of 1.7) was only 
obtained when 21 parameters (including a scale factor) were taken into account (Figure 3.4, 
dashed line). The number of parameters could be reduced to 13, but this gave a worse goodness- 
of-fit x 2 value of 2.6 (Figure 3.4, dashed-dotted line). The latter calculation did reproduce the 
overall shape of the CTRs, but was unable to fit the modulation. Table 3.1 and 3.2 give the fit 
parameters for both calculations. In general, the differences between the parameter values of 
the two fits are small.
The main difference between the two data sets is found in the top layer of molecules. Both 
fits calculated for the data at 40% RH show a large expansion of the top molecules X  and 
Y , while a compression is found for the crystals measured in 100% RH. The nature of this 
difference remains unknown. The second difference is the relaxation of the molecules in the 
lower layers, which is found to be present at 40% RH and not at 100% RH. In both cases large 
Debye-Waller parameters were found. The difference between the two data sets measured at 
different relative humidity is an indication that the water molecules indeed permeate through 
the etch-resistant layer. Probably, water molecules are also present at the interface between the 
KBC crystal and this etch-resistant layer. However, the data do not show this directly. Thus, if 




Fig. 3.7: The (00) rod measured in air on the (001) (filled circles) and the (001) (open circles). The line 
is a calculation for a bulk terminated crystal.
3.5 Hypomorphism
On the (001) face the specular rod was measured under different circumstances, i.e. in air, 
ethanol vapor, dry nitrogen and a saturated ethanol solution. The rod measured in air on this 
face can be compared with the specular rod measured at the same circumstances on the opposite 
face (Figure 3.7). The data below l =  2 is rather similar, with an exception around l = 1.1. 
Note that between l = 0 and l = 2 the effect of the etch resistant layer is strongest. Apparently, 
the development of this layer is similar on both faces, as was also concluded from in-situ AFM 
observations4. The differences between both surfaces show up at l = 2 — 3 and at l =  5 — 6. 
These differences are not likely to be due to the etch-resistant layer, because this layer didn’t 
show any effect at these regions in reciprocal space (Figure 3.2). This is an indication that the 
interface structure of the (001) face is different from that of the (001) face. Unfortunately, no 
further data has been measured on this surface and a proper fit cannot be obtained.
3.6 Conclusions
On both the (001) and (001) faces an etch-resistant layer develops on a KBC crystal exposed 
to air. The development of this layer is only observed in the specular rod, not in CTRs with an 
in-plane momentum transfer. Therefore, this layer is likely amorphous, without in-plane order.
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The effects of this layer are only observed at low momentum transfer, indicating that this layer is 
rough as was also observed by AFM4. The structure of the interface between the etch-resistant 
layer and the bulk KBC crystal changes with changing relative humidity. This indicates that the 
amorphous layer is porous, and water molecules can penetrate through this layer. Possibly, this 
layer contains water molecules.
The interface between the bulk KBC crystal and the etch-resistant layer has an A  termi­
nation and shows no reconstruction. The surface is potassium terminated. The molecules in 
the top layer are deformed, but with a surprisingly large difference between the two humidities. 
Measured at 100% RH, these molecules are compressed, while in air (40% RH) these molecules 
show an expansion. The interface between the crystal and the amorphous layer is atomically 
flat. The measurements preformed at the (001) face give a first indication that the structure of 
this face is atomically different from the structure on the (001) face.
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Chapter 4
The Structure of Liquid Sn on Ge (111)
M.F. Reedijk, J. Arsic, F.K. de Theije, M.T. McBride, K.F. Peters and E. Vlieg
Abstract
We present an X-ray diffraction structural analysis of liquid Sn layers of monolayer thickness 
absorbed on Ge(111) surfaces. Above the melting temperature, we find that the Sn atoms dis­
play both liquid-like and solid-like behavior. The liquid shows both perpendicular and lateral 
ordering. The Sn/Ge(111) system allows us to investigate for the first time the influence of 
temperature on the liquid structure. Our most important observation is that the structure of the 




The structure of a liquid in contact with a solid plays an important role in properties such as 
flow, lubrication and wear. This structure is also important in crystal growth, where it influ­
ences, for example, the incorporation of impurities and the final growth shape of the crystal.1,2 
Theoretical studies predict that ordering of the liquid extends over a few atomic distances and 
exhibits layering perpendicular to the surface as well as ordering parallel to the surface3,4. Lit­
tle is known about the parallel ordering of the liquid. Howe5 used high-resolution transmis­
sion electron microscopy to investigate the solid-liquid interface between crystalline Pd3Si and 
amorphous Pd8o Si20 and found ordering in the liquid in the first atomic layers. Layering of the 
liquid perpendicular to the surface has been observed in a few experimental studies, e.g., in 
electrode/electrolyte interfaces6 and for liquid gallium in contact with a hard wall7.
In the context of surface melting, the nature of a liquid film in contact with a solid has also 
been investigated8,9. It was found that the thickness of the liquid layer (termed ’quasi-liquid’) 
increases upon approaching the bulk melting point10,11. Attempts to measure the ordering in 
the quasi-liquid surface layer however, have not been successful. Additionally, considerable 
experimental as well as theoretical work has been conducted on intercalation compounds12,13 in 
which liquid-like alkali layers are embedded in a graphite host.
The ordering of the liquid near the interface is likely to depend on several parameters, such 
as the temperature and size match between liquid and solid. No prior experimental information 
is available on this. Therefore the aim of this study is to determine the structure of a liquid 
in contact with a solid as a function of temperature for liquid Sn monolayers adsorbed on Ge 
surfaces. The Sn/Ge(111) system can be considered as a model system for crystal growth, in 
particular for the case of liquid phase epitaxy (LPE) from thicker layers.
The Sn/Ge(111) system is comparable to Pb/Ge(111), a system that has received consid­
erable attention14,15. It was found that above an order-disorder transition temperature, the Pb 
layer shows both liquid-like and solid-like behavior. To develop a better understanding of this 
dual character we present here the structure of the Sn/Ge(111) system at different temperatures 
both below and above the transition temperature. Because of its lower vapor pressure compared 
to Pb, Sn is more suitable than Pb for a study above the melting temperature.
Ichikawa16,17 determined the phase diagram of the Sn/Ge(111) system and found an order­
disorder transition at coverages between 1 and 1.6 monolayers at a temperature Tm of 170°C, 
similar to the Pb/Ge(111) system15. Below Tm, and depending on the coverage, the Sn/Ge 
surface exhibits a 3 x 3\[2 or a V 9 Ïx^ /3  reconstruction. Above this transition the reconstruction
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disappears, and Ichikawa found evidence for a liquid-like structure of the Sn layer. The ordering 
in the liquid was not investigated.
Using X-ray diffraction, we find presently that 1) the Sn layer is well ordered below the 
melting point and that 2) the properties of the layer gradually change from more solid-like to 
more liquid-like above the melting point.
4,2 Experimental Details
To denote the surface structure, we use a surface unit cell for Ge(111) whose lattice vectors are 
expressed in terms of the conventional cubic lattice by
ai =  1[101], a2 =  2[Ï10] and a3 =  2[111]. (4.1)
The cubic coordinates are in units of the germanium lattice constant (5.66A at 300 K). The 
corresponding reciprocal lattice vectors by are defined by ay • bj =  2n8jj. The momentum 
transfer Q, which is the difference between the incoming and outgoing wave vectors, is denoted 
by the diffraction indices (hkl) in reciprocal space: Q =  hb1 +  kb2 +  lb3.
The surface x-ray diffraction experiments were performed at beamline ID 3 at the ESRF 
(Grenoble) using a wavelength of 1.2 A . The set-up consists of an ultra high vacuum cham­
ber, which was coupled to a z-axis diffractometer18,19. The crystal was mounted in the UHV 
chamber with the surface normal in the horizontal plane. All data were obtained with a small, 
constant incident angle (~  1.0°) and varying exit angles.
The Ge(111) crystal (miscut ~  0.2°) was cleaned by repeated cycles of sputtering and an­
nealing until a clear c(2 x 8) reconstruction was obtained. A Knudsen effusion cell was used 
for the deposition of the Sn atoms. For every data set a fresh Sn layer was deposited with a 
coverage of approximately 1.5 ML (Table 4.1). At coverages below 1 ML, the Sn layer did not 
show the liquid-like behavior described below. Full data sets, which include crystal truncation 
rods (CTRs h, k integer)20, in-plane data (l =  0.2), specular data (h =  k  =  0) and radial scans14 
were taken at temperatures of 150±20°C, 200±20°C and 300±20°C, where Tm = 170°C. All 
measured intensities were converted into structure factors by applying a standard procedure21. 
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Fig. 4.1: Left, Radial scans in the [hk] = [12] direction at three temperatures, one below the phase tran­
sition (triangles) and two above the phase transition ( squares and circles). The liquid ring is 
clearly seen around Q// =2. The increase o f intensity at higher Q// is due to thermal diffuse 
scattering from the Ge substrate. Right, Posi tion o f the liquid ring measured at different Q_l for 




Surface X-ray diffraction can probe both the structure and the ordering at the interface. A 
completely liquid Sn layer gives rise to cylindrical (2D-liquid) or spherical (3D-liquid) shells 
of diffuse scattering, from which the pair-correlation function can be deduced14. Such a liquid 
layer does not contribute to reflections with an in-plane momentum component. In contrast, a 
solid, commensurate Sn-layer does not give rise to shells of diffuse scattering, but appears in 
the substrate crystal truncation rods. This difference is due to the long-range translational order 
in a solid Sn layer and the short-range order in a completely liquid Sn film. A Sn layer with 
both solid and liquid properties will be visible in both types of data.
In order to observe the diffuse scattering caused by the liquid layer, radial scans were per­
formed in the [h k] = [1 2] direction, where no Ge scattering is expected except thermal diffuse 
scattering (Figure 4.1). No liquid ring is present at 150°C (below Tm). Thus, as expected, the 
Sn layer is solid at this temperature. In contrast, at 200°C and 300°C a diffuse ring is observed. 
Additional radial scans in different directions revealed a similar peak at the same radius. This 
clearly indicates the presence of a liquid. Following Grey etal.23, the position of the liquid ring 
corresponds to a Sn - Sn distance of 3.8 A and 3.4 A for 200°C and 300°C, respectively. Figure 
4.1 shows the position of the liquid ring in radial scans at different perpendicular momentum 
transfer for both a 2 dimensional and 3 dimensional liquid at 300°C. The 3 dimensional liquid 
is present as small droplets which form when extra Sn is deposited on the 2 dimensional layer.
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Perpendicular m om entum  transfer l
Fig. 4.2: Structure factor amplitudes of the (10)(top) and (20)(bottom) crystal truncation rods. Measured 
structure factors are indicated by symbols. The solid curve represents a calculation for bulk 
terminated Ge(111). The dot-dashed, dotted and dashed curves represent the best fits for 150° C, 
200°C and 300°C respectively
This demonstrates that the diffuse scattering forms a cylinder in reciprocal space for a 2 dimen­
sional layer and a sphere for a 3 dimensional layer. A similar observation was made by Grey et 
al. for lead on germanium14.
To establish the lateral structure of the Sn layer, both the (10) and (20) rods were measured 
at our three standard temperatures, see Figure 4.2. The solid curve is a theoretical calcula­
tion for a bulk terminated Ge(111) surface. The (10) rod does not follow this calculation at 
any temperature, which implies that the Sn-atoms have a significant contribution to this rod at 
all temperatures. The (20) rod shows a different behavior; at low temperatures the measured 
structure factors do not resemble the calculated bulk curve, whereas at higher temperatures the
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structure factors gradually change until they almost coincide with this curve. Thus, the contri­
bution of the Sn atoms to the (20) rod is highest at low temperatures and almost disappears at 
high temperatures.
Summarizing the results, one can say that the radial scans show that the Sn layer has liquid 
properties while the CTRs demonstrate its solid features. Above Tm the Sn layer therefore has 
both solid and liquid properties. As for the liquid film during surface melting8,9, the Sn layer 
can be called a ‘quasi-liquid’.
4.4 Analysis
In order to describe the behavior of the Sn quantitatively, we need a model that accounts for 
both the solid and the liquid character we observe. There are two possibilities for this. One 
is to use the method that Reiter and M oss12,13 developed for intercalation compounds and thus 
models the Sn as a perturbed, but uniform, liquid. The alternative is to describe Sn as a solid 
that is gradually loosing its solid properties. Since our analysis shows that the Sn layer is not 
uniform but that the Sn atoms occupy differentlattice sites at all temperatures investigated, the 
latter solid-like model is more suitable. This is similar to the model that De Vries eta l.15 used 
for the Pb/Ge(111) system.
For the analysis we have used the (1x1) Ge(111) surface cell defined above, which has 
three lattice sites with 3-fold symmetry (Figure 4.3). In our model, the Sn atoms can be in a 
solid-like or liquid-like state. The solid-like Sn atoms are placed on top of the three symmetric 
lattice sites Ti, T4 and H3 in Figure 4.3 and are allowed to have a lateral displacement. In that 
case, all three symmetric directions are modelled to occur simultaneously in different surface 
domains. A model without in-plane relaxations gave a bad fit for both temperatures above Tm. 
Sn atoms in the liquid-like state are mobile, without a fixed position on the surface. We model 
the liquid atoms by a single layer with a very high in-plane Debye-Waller parameter (so they 
do not contribute to the CTRs). Note that the system is expected to be dynamic. The high 
Debye-Waller parameters and the liquid-like behavior indicate that the Sn atoms are mobile and 
will rapidly change from one state into the other. Relaxation in the Ge substrate was found to 
be negligible.
The two-state model describes our data well for all temperatures. Figure 4.2 shows the best­
fit model calculation for the (10 ) and (2 0) rods together with the measured structure factors, 
while Table 4.1 lists the best-fit parameters. Note that the fit is based on the entire data set, 
including specular and in-plane data. The in-plane displacements are 0.5 A (0.4 A) and 0.8 A
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Fig. 4.3: Schematic top view o f the average structure at 300° C. The grayscale o f the Sn atoms approxi­
mately indicates the occupancy. Due to the symmetry o f the Ge(111) structure the Sn atoms can 
be displaced in three symmetric directions. In Table 4.1 the occupancy o f the three atoms at one 
lattice site are added up to give a total value.
(0.4 Â) at 300°C (250°C) for the Ti and T4 site, respectively.
As mentioned before, below Tm the surface is reconstructed16,17, and cannot be described 
fully by our 1x1 model. The above approach effectively projects the reconstructed structure 
onto the 1x1 unit cell. This simple approach allows us to compare the structure below Tm with 
the results of the liquid structure.
An important characteristic of the system is the distribution of the Sn atoms among the two 
states. Below Tm, the Sn layer is solid and all atoms are near lattice sites. In the fit we find 
indeed a liquid coverage of less than 0.01 ML. Above Tm the number of liquid-like Sn atoms 
increases as a function of temperature (from 0.07 ML at 200°C to 0.42 ML at 300°C) while the 
number of solid-like Sn atoms decreases. The distribution over the two states is shown in Figure 
4.4. Remarkably, the distribution is found to keep on changing far above the phase transition 
temperature.The increasing liquid-like fraction shown in Figure 4.4 is in accordance with the
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Table 4.1: Best fit parameters at different temperatures.
Fit parameter 150oC 200oC 300oC 24b 15b
In-plane Debye-Waller 4.5 ±  1.0 12 ±  2(Ti, T4) 12 ±  2(Ti, T4)
factor (Â2 ) 5 ±  2(H3) 6 ±  3(H3)
Height T ! atom (Â) 2.58 ±  0.10 2.55 ±  0.04 2.64 ±  0.03
Height H3 atom (Â) 3.73 ±  0.05 3.58 ±  0.07 2.82 ±  0.12
Height T4 atom (Â) 4.17 ±  0.10 4.11 ±  0.07 3.47 ±  0.12
Height liquid Sn 2.42“ 2.33 ±  0.15 2.46 ±  0.16
# ML Liquid Sn-atoms 0.01 ±  0.05 0.07 ±  0.04 0.42 ±  0.09
# ML at T i sites 0.93 ±  0.10 0.84 ±  0.04 0.82 ±  0.06 0.77 0.89
# ML at T4 sites 0.19 ±  0.05 0.24 ±  0.04 0.26 ±  0.03 0.19 0
# ML at H3 sites 0.28 ±  0.05 0.22  ±  0.02 0.07 ±  0.02 0.37 0.29
Coverage (ML) 1.41 ±  0.15 1.37 ±  0.08 1.56 ±  0.12 1.33 1.25




Fig. 4.4: Fraction of Sn atoms in the solid state (squares) and liquid state (circles) at different tempera­
tures.
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radial scans (Figure 4.1), which show a corresponding increase in the intensity of the liquid 
ring. The fits and the radial scans thus clearly show that the Sn structure gradually changes 
from more solid-like to more liquid-like with temperature.
The Debye-Waller factor of the solid-like Sn increases with the temperature, as expected. 
Remarkably, the increase is stronger for the T1 and T4 positions than for the H3 position (Table 
4.1). This could be an indication of different melting behavior of the Sn atoms at the different 
positions. Compared with the Pb/Ge (111) system,15 the increase in Debye-Waller factors is 
smaller in the Sn/Ge(111) system. This is probably due to the smaller size of Sn compared with 
Pb, leading to a better size match with the Ge surface.
The temperature also influences the crystallographic structure. The height of the Sn atoms 
and the distribution of the Sn atoms over the three lattice sites change with temperature. Figure 
4.3 shows the average position of the Sn atoms at 300oC, the grayscale indicates the occupancy 
of the different sites. Below Tm, the height of the Sn atoms corresponds roughly to the height 
in an a-Sn crystal. This configuration does not change at the phase transition, but is lost if  the 
temperature is further increased.
The distribution of the Sn atoms over the three lattice-sites changes gradually with temper­
ature, as can be seen in Table 4.1. For comparison, both the experimental values and the values 
found with molecular dynamics for the Pb/Ge(111) system are included15,24. The occupancy of 
the T1 position is in all cases the largest and changes least with temperature. The experimental 
values of the Pb/Ge(111) system are only determined at one temperature so no comparison can 
be made of the temperature behavior.
The molecular dynamics studies of the Pb/Ge(111) system sketch a similar picture as ours 
for Sn/Ge(111). These studies showed that above the phase transition the Pb layer becomes 
mobile but that the atoms still spend an important fraction of their time close to lattice sites.
4.5 Summary
In summary, our analysis shows that the liquid Sn exists as a dynamic, 2D-layer with Sn atoms 
residing preferentially on sites imposed by the Ge(111) lattice. The structure of the liquid 
Sn layer changes gradually with temperature from more solid-like to more liquid-like. The 
most important change is the decrease of the percentage of Sn atoms near lattice sites at higher 
temperatures. The question arises whether this behavior changes if  the liquid layer changes 
from 2 dimensional to 3 dimensional. Unfortunately, the Sn/Ge(111) system is not suitable to 
investigate this, because the Sn layer does not completely wet the Ge surface at higher coverage.
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A new (\/3 x \/3)R30° phase of Pb on 
Ge(111) and its consequence for the 
melting transition
M.F. Reedijk, J. Ârsic, D. Kaminski, P. Poodt, H.J.F. Knops, J.W.M van Kessel, 
W. J. Szweryn and E. Vlieg
Abstract
Depending on the preparation method, we find two different structures of the Pb/Ge(111) system 
at a nominal coverage of 3 ML exhibiting different melting points. One is the well-studied ß 
phase that melts at 250oC, but the other is a new and metastable phase that melts at 330oC. 
Using surface x-ray diffraction the exact atomic structure of both phases is revealed. Giving the 
large difference in melting point, the atomic structure of both phases is surprisingly similar, the 
two main differences being the height of the Pb atoms and the exact coverage. The difference in 
melting point can be explained by the distribution of the excess Pb present on the surface, which 
acts as a vacancy sink hampering the melting of the metastable phase. We propose a modified 




Phase transitions on surfaces have proven to be an area where interesting phenomena take place. 
Owing to the low dimensionality, the local structure, defects and thermal fluctuations are more 
important than in bulk material1-3. One type of systems that has been found to be particularly 
rich are metal-semiconductor interfaces, of which a lot is known thanks to their importance in 
electronics4,5. Prime examples are Pb and Sn monolayers on Si(111) and Ge(111). Despite (or 
because of!) many studies, various phases and phase transitions on these systems have remained 
controversial, e.g. the low-temperature and low-density phase transition from a (V3  x v/3)R30o 
to a 3 x 3 reconstruction6,7 that is possible driven by a charge-density wave, and the high- 
temperature ’melting’ of the high-density (v^3 x v /3)R30° phase to a 1 x 1 phase1,8. In the 
latter case the different observations can be reconciled by assuming that the ’molten’ surface 
layer has both liquid and solid properties9,10. This high-temperature phase can additionally be 
considered a model system for a solid-liquid interface in which the ordering in the liquid and the 
effect of coverage and mismatch are more easily studied than in thicker solid-liquid interfaces 
that are relevant for e.g. crystal growth and lubrication11,12.
In this letter we focus on the Pb/Ge(111) system, that we find to be more subtle in its be­
havior than previously thought. The phase diagram of this system was first derived by Ichikawa 
14 using RHEED. Grey etal.8,13 performed a thorough investigation of the phase diagram using 
x-ray diffraction, showing two (v^3 x \/3)R30o (\/3  in short) phases, a low-coverage phase at
3 monolayer (ML) known as the a  phase and a dense ß  phase at |  ML. Figure 5.1 shows the 
phase diagram as derived by Grey et al.. The a  phase shows a reversible transition to a 1x1 
phase around 400oC and a coverage of 3 ML, while the transition temperature of the ß  phase is 
~  300oC at a coverage of |  ML. This phase diagram displays a triple point at 180oC and 1.25 
ML.
De Vries et al.9 investigated the system at a coverage of 1.25 ML, both below and above 
the phase transition using surface x-ray diffraction. The saturation coverage of the ß  phase was 
confirmed to be |  ML, with one Pb atom located at an H3 site and the other three located on off­
center bridge positions between the T1 and T4 site (’OCT1’). This result was in good agreement 
with earlier investigations5,15. Figure 5.2 shows a schematic of this structure.
In the course of investigating the phase transition at a coverage of |  M L16, we found a 
difference between the as-deposited structure and the annealed structure. If at least |  ML of Pb 
is deposited, a \/3  phase forms with a coverage of |  ML. The excess amount of Pb is stored in 
epitaxially oriented, three dimensional Pb islands. This phase, that we will call the ß ’ phase,
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Fig. 5.1: Phase diagram o f Pb/Ge(111) as proposed by Grey et al.8,13.
exhibits a phase transition to a 1x1 phase at ~  330oC. This is an irreversible transition, and after 
cooling the well-known ß  phase emerges with a lower transition temperature of ~  250oC. The 
latter transition is reversible, thus the ß  phase is stable. In this chapter we present the structural 
differences between the two phases and show that the vacancy density plays a dominant role in 
the melting mechanism. Note that what we will call melting in this chapter, is in fact a more 
complicated phase transition in which the Pb in the high temperature phase has both solid and 
liquid properties9.
5.2 Experimental
Surface x-ray diffraction (SXRD) was used to determine the atomic structure of the two V3  
phases. The truncation of a crystal at the surface gives rise to tails of diffuse scattering con­
necting the bulk Bragg peaks in the direction perpendicular to the surface that are called crystal 
truncation rods (CTRs). The exact shape of the rods is determined by the atomic structure of the 




Fig. 5.2: Schematic top view o f the structural model for the ß  phase. The V3 unit cell is indicated by 
the dotted lines. One Pb atom is positioned at the H3 site, three Pb atoms are placed on bridged 
positions between the Ti and T4 si te. The displacement direction o f the bridged atoms is shown 
with an arrow.
The experiment was performed at the DUBBLE beamline at the ESRF in Grenoble18. The 
set-up consists of an ultra high vacuum chamber which was modified to fit on the 2+3 circle 
diffractometer available at the Dubble beamline19,20. The Ge(111) samples were polished and 
the surface was cleaned by repeated cycles of sputtering and annealing. The miscut of the 
crystals was ~0 .2o. All data were measured at a wavelength of 1.13A, with a constant incoming 
angle of 1o and varying exit angles.
To denote the surface structure, we use a 1 x 1 surface unit cell for Ge(111) whose lattice 
vectors are expressed in terms of the conventional cubic lattice by a i =  i  [101], a2 =  1 [T10] 
and a3 =  i  [111]. The cubic coordinates are in units of the germanium lattice constant (5.66 A 
at 300 K). The corresponding reciprocal lattice vectors bi are defined by ai • bj =  2n6ÿ. The 
momentum transfer Q, which is the difference between the incoming and outgoing wave vectors, 
is denoted by the diffraction indices hkl in reciprocal space: Q =  hbi +  kb2 +  lb3. The indices 
(hk) refer to the in-plane component of the momentum transfer and l to the perpendicular 
component. For CTRs h and k have integer values while for rods from the V3  reconstruction 
these indices are fractional.
After cleaning, Pb was deposited on the surface using a Knudsen effusion cell while mon­
itoring a V3  reflection. During deposition the sample temperature was 230oC, which is above
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Fig. 5.3: The ( | , | ,0.3) reflection peak at 230°C during Pb deposition. Pb deposition is started at 0 sec 
and ended at 3000 sec.
the lowest transition point at 180°C but below the melting point of the ß  phase. Figure 5.3 
shows a typical deposition curve. The a  phase can be seen to build up and reach a maximum 
value at |  ML, at 1.25 ML the intensity drops to zero marking the (1 x 1) region in the phase 
diagram.
To prepare the ’as-deposited’ ß ’ structure, somewhat more than |  ML of Pb is deposited. 
After slowly cooling the surface to room temperature a full data set is measured. To prepare the 
ß  phase the temperature is raised above the (irreversible) transition temperature of 330°C, while 
monitoring the (f , f , 0.3) reflection that is sensitive to the structural differences between the two 
phases. Subsequently, the surface is cooled down to room temperature, where a second data set 
is measured. A data-set consists of a specular rod, two (ß ’ structure) or three (ß structure) 
crystal truncation rods and an extensive in-plane data set (l =  0.3). All measured intensities 
were converted into structure factors by applying a standard procedure21. Model calculations 
and fitting were done using the ROD program22.
5.3 Results
5.3.1 Structure
Despite the large difference in transition temperature for the two structures, the measured data 
show a large resemblance. Figure 5.4 compares the in-plane data for both structures and Figure 
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Fig. 5.4: In-plane structure factors o f the as-deposited structure (black) and annealed structure (white).
The reciprocal (1 x 1) unit cell is also shown.
the (0 0) rod at l  ~  3.4, where the ß ’ structure shows a fairly sharp peak. The position of this 
peak corresponds to a 26 angle of 22.7° which corresponds well to the 26 angle of the (111) Pb 
Bragg peak of 22.8° at this wavelength. This indicates the excess Pb to be ordered in (111)- 
oriented islands. From the width of the peak the thickness of the islands is determined to be 20 
ML. The ß -phase does not show this peak, showing that the excess Pb is reorganized upon the 
anneal. It is unlikely that Pb is desorbed from the surface, because appreciable desorption is 
known to start only at temperatures above 400°C13. The remaining differences between the two 
data sets are small, and mainly located in the (11) rod around l  = 2 . However, the differences 
are significant and e.g. the (f , | , 0.3) reflection that we monitored during the phase transition, 
shows a difference that we consistently found in several preparations. The large similarity 
between the two data-sets indicates a large resemblance of the two structures.
To determine the structural difference between the two structures, both data-sets are fitted 
starting from the low-temperature V3  structure as determined by de Vries et al.9 at 1.25 ML 
coverage (Figure 5.2). The parameters used for fitting are the surface fraction, height of the 
H3 atom, height and in-plane displacement of the O C T  atoms and anisotropic Debye Waller 
parameters of the Pb atoms. With this model both structures could be fitted very well. The fit 
for the ß ’ structure was slightly improved by including relaxation of the surface germanium
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Fig. 5.5: Structure factor amplitudes along the (0 0) and (10) crystal truncation rod for the annealed 
(open circles) and as-deposited (filled circles) structures. The lines are the best fit calculation. 
The peak near l =  3.4 marked with an arrow in the as-deposited specular rod arises from bulk 
Pb.
atoms, but this did not alter the structural parameters for the Pb-atoms significantly. Figure 5.5 
shows the data for the (0 0) and (1 1) rods together with the best fit model calculation while 
Table 5.1 shows the best-fit parameters. The difference in the (11) rod near l =  2 turns out to 
be mainly due to the difference in vacancy density.
The ß  structure (annealed structure) is equivalent to the structure at 1.25 ML measured by de 
Vries etal. and the atomic positions of the Pb atoms are in excellent agreement (Table 5.1). The
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Table 5.1: B est fit parameters.
Parameter ß  ’ phase ß  phase 1.25 M L9
surface fraction 1.00 ( 1) 0.96(1) 0.89
Height H3 2.63(9) 2.83(5) 2.88
Height O C T 2.83(6) 2.75(2) 2.76
OCTi 0 .3 6 ( 1) 0.36(1) 0.39
DW // (OCTi) 3.4(5) 3.6(3) 6.3
DW // (H3) 5.2(8) 3.6(3) 6.3
Coverage 1.33(2) 1.28(1) 1.19
X2 2.22 1.74
main differences are the coverage (1.28 vs. 1.19 ML) and the in-plane Debye Waller parameter, 
which is significantly lower at 1.28 ML coverage. The difference in Debye Waller parameters 
is explained by the difference in experimental temperatures, that were 125°C and 25°C for the 
structures at 1.25 and 4 ML, respectively. The Debye temperature of 60K we find here agrees 
well with the value of 55 K found by de Vries etal.. The fact that the annealed phase is the same 
as the structure by De Vries is expected, because in both cases the reconstruction is formed by 
cooling down the disordered 1x 1 phase.
The ß ’ structure is slightly, but significantly, different from the ß  structure. The first differ­
ence is the coverage, which is within the error bars exactly 4 ML for the ß ’ structure, while the 
coverage after annealing is 1.28 ML. The second difference between the two structures is the 
height of the Pb atoms. The heights of the Pb atoms is reversed, the Pb atom at the H3 position 
is 0.2  A  lower than the bridge atoms in the ß ’ phase, compared to 0.08 A  higher in the ß  phase. 
This difference is small but within the resolution limit of our experiment. Table 5.2 summarizes 
some earlier measurements on Pb/Ge(111) comparing the heights of the Pb atoms obtained with 
various techniques and different experimental conditions. While there are of course uncertain­
ties associated with the various structural analyses, in all cases the as-deposited structures show 
the O C T  atoms to be higher than the H3 ones. This is another indication that indeed the two 
phases are structurally different. The earlier discrepancies for the height determination may 
thus be partly explained by the different preparation methods.
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Table 5.2: Comparison o f structural parameters with the li terature, all distances are in JA. The last column
gives the structure measured, depending on the different experimental conditions.
height H3 Height OCTi Height difference Structure
Huang5 2.22 2.70 -0.48 as-deposited ß  ’
Dev23 1.55 2.85 -1.3 as-deposited ß ’
Seehofer24 0.15 annealed ß
Ancilotto25 2.77 2.70 0.07 annealed ß
de Vries9 2.88 2.76 0.12 annealed ß
ß  structure 2.83 2.75 0.08 annealed ß
ß ’ structure 2.66 2.81 -0.2 as-deposited ß  ’
5.3.2 Melting behavior
The ß ’ phase shows an irreversible phase transition at a high temperature. Preparations with 
different initial Pb coverages and different heating rates, reproducibly yielded a phase transition 
temperature of ~  330°C. The melting behavior of the transition was monitored by measuring the 
( 3, 2, 0.3) reflection as function of temperature, which is sensitive to the structural differences 
between the ß  and the ß ’ phase. No large changes in structure factor were observed until 
the transition temperature, at which the reflection completely disappeared. Also the width of 
the peak, a measure of the domain size, remained small. It is important to note that the ß ’ 
phase is stable for at least several hours when heated to temperatures close to its own transition 
point, i.e. well above the transition temperature of the ß  phase. In contrast, the ß  phase shows 
a lower transition temperature, with a different melting behavior. Above the melting point, 
the (2, 3, 0.3) reflection significantly broadens, showing critical scattering, while the intensity 
gradually drops.16
5.4 Discussion
The structural differences between the two phases are small and the most convincing argument 
that we have two different structures is the large and reproducible difference in the transition 
temperature and behavior. An important question is now what causes this large difference in 
transition temperature and melting behavior?
It seems unlikely that this difference is caused by the small height differences between the
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Fig. 5.6: The excess lead is equally distributed on the surface in small islands for the ß  ’ phase. After 
annealing, the Pb is redistributed in larger islands and most terraces have no access to bulk Pb.
two structures, knowing that a Debye Waller parameter of 3.4 corresponds to a mean-square 
displacement of 0.04 A2. A better explanation lies in the difference in occupancy. The ß ’ 
structure was found to have a coverage of exactly 3 ML, while the ß  structure has a coverage 
of 1.28 ML after cooling down. Note that in both cases the total amount of Pb is >|  ML, 
the occupancies mentioned here are those of the V 3  phases. The small difference in coverage 
can provide an explanation within the concept of vacancy-induced melting. In N 2 adlayers on 
graphite it has been shown both theoretically and experimentally that the melting temperature 
depends on the coverage in the regime close to the saturation coverage26. At the saturation 
coverage the melting temperature is higher due to a lack of vacancies. At slightly lower coverage 
vacancies are already present, which facilitates the melting transition.
The same mechanism might explain the different melting temperatures for the two y/3 struc­
tures. However, the analogy between the Pb/Ge system and the N 2-graphite system is not per­
fect. The total amount of Pb available is > 3 ML and the melting transition of the ß ’ phase is 
irreversible. Another point that needs an explanation is the high energy barrier between the two 
structures, i.e. the high temperature necessary for the transition between the two structures.
In order to arrive at a consistent picture that combines all our observations, we need to 
include the distribution of the excess Pb on the surface. In the ß ’ phase, we found from the 
specular rod that the surface is covered by Pb islands with a thickness of approximately 20 ML. 
Since there is an excess Pb of about 0.3 ML, approximately 1.5% of the surface is covered 
by these islands. While we have no direct observation, by considering similar systems27-29 
we may assume that the Pb will form many small islands, which will preferably be located 
at the step edges. Each terrace is thus in contact with at least one of these Pb islands. This 
situation is sketched in Figure 5.6a. In order for the ß ’ phase to melt, vacancies need to be
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Coverage
Fig. 5.7: The newlyproposedphase diagram. The ß ’ phase is shown as a dotted line in thephase diagram.
generated. The Pb islands, however, act as a source of Pb atoms and none of the V3  domains 
can create the vacancies that are necessary for melting. When the bulk melting point of Pb is 
reached, the small islands melt and merge into a much smaller number of large islands, see 
Figure 5.6b. Most terraces are no longer in contact with bulk Pb, and they will melt. Our 
absolute temperature calibration is not very precise, but the melting point of the ß ’ phase is 
fully consistent with the bulk melting point of Pb of 327.5°C. The fact that the fractional-order 
reflections show no broadening during the melting of the ß ’ phase is added proof for this model 
as is the disappearance of the bulk Pb peak in the specular rod. The rearrangement of the Pb is 
irreversible, which explains the irreversible transition of the ß  ’ phase. The apparent high energy 
barrier between the ß  and ß ’ phase is in fact the difference between the melting temperature of 
the ß  phase and the bulk melting point of Pb.
After the excess Pb is rearranged and the sample is cooled down, the ß  phase is formed, 
which has a normal and reversible melting behavior in which the V 3  peaks continuously broad­
ens when approaching the phase transition. We find that the ß  phase has a coverage that is 
slightly less than |  ML and thus that it contains already vacancies (or anti-phase domain walls) 
at room temperature. The \ /3  domains are not in direct contact with bulk Pb and therefore the 
vacancy-induced melting is not blocked by the excess Pb.
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The observation of peak broadening at a coverage of 1.28 ML is in contradiction with the 
phase diagram as proposed by Grey et a!.. In this regime, the ß  phase was assumed to be 
in equilibrium with a (1 x 1) phase for temperatures above 180°C. When the temperature is 
increased, part of the surface covered by the ß  phase transforms to the (1 x 1) phase according 
to the lever rule, until eventually the whole surface is covered with the (1 x 1) phase. Thus, 
no peak broadening of the fractional order reflections should occur, but only an intensity drop. 
The experimental peak broadening we find was also observed earlier by de Vries et al. at 1.25 
ML. In addition, Grey13 observed critical scattering above the melting point of the ß  phase at 
1 ML and 180°. The a  phase, which coexists with the ß  phase at this coverage has a melting 
temperature which is higher. In order to explain this, we suggest a modification of the phase 
diagram of the Pb/Ge(111) system between 1.25 and 4 ML, in which the ß  phase is stable 
between 1.25 and 4 ML (Figure 5.7). Thus, the ß  phase can exist over a wider coverage range, 
similar to the a  phase around 3 ML. The sharp increase in the melting transition from 1.25 to 
3 ML is now explained by the vacancy-induced melting mechanism as described earlier for the 
N2/graphite system. Based on previous and our results, we estimate the melting temperature to 
increase from 180°C at 1.25 ML to 300°C at 4 ML.
The meta-stable ß ’ phase forms a line in the phase diagram at a coverage of 3 Ml that ends 
at the melting point of lead. The melting point of the ß ’ phase is well-above that of the ß  phase, 
because no ordering is observed above the ß ’ melting point16. From this phase diagram, we 
expect that a molten ß  phase can be converted back into a ß ’ phase by adding Pb and this has 
indeed been observed.
The difference in vacancy density seems to be the most important for the behavior of this 
system. At the same time, we have found a difference in the height of the lead atoms. Ap­
parently, a structure with the O C T  atoms on top and H3 below is thermodynamically more 
favorable when no vacancies are present while the opposite order is more stable at a vacancy 
density of 4%.
5.5 Conclusion
We have shown that at a nominal coverage of 3 ML two different V 3  structures exist which 
combine small structural differences with a large difference in transition temperature and melt­
ing behavior. The different melting behavior of the two phases can be explained by the bulk 
Pb atoms on the surface. On the ß ’ surface, the excess Pb is distributed evenly on the surface 
and acts as a vacancy sink, inhibiting the ß ’ structure from melting until the bulk melting point
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is reached. After cooling, the excess Pb is arranged in bigger islands that do not influence the 
melting behavior of the ß  phase. A microscopic technique (e.g. STM or LEEM) is necessary 
to confirm our hypothesis for the behavior of the excess Pb. Our results are a clear example of 
how defects (vacancies in this case) can modify a phase transition. The results also show that 
the density at a solid-liquid interface is a crucial parameter in the behavior of the liquid.
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Melting behavior of the ß- Pb/Ge(111) 
structure
M.F. Reedijk, J. Arsic, D. Kaminski, P. Poodt, H.J.F. Knops and E. Vlieg 
Abstract
The 2D phase transition of the V3-Pb/Ge(111) surface is analyzed using surface x-ray diffrac­
tion. The critical exponents ß, v  and 7  have been determined. These exponents exhibit mean- 
field behavior indicating a long-range interaction potential for the Pb atoms. Deviations from 




The nature of the 2D melting transition has received considerable attention because the char­
acter of this transition in two dimensions is different from the melting in three dimensions. 
Critical fluctuations play a more important role in melting in lower dimensions. The melting 
transition is always a first-order process in a bulk solid, but it can be continuous, or even of 
infinite order in a 2D layer. This was first pointed out by Kosterlitz and Thouless for a free 
floating surface, where the long range orientation order is broken at the transition temperature. 
Several years later the ideas were extended by Halperin, Nelson and Young. 1 In the presence of 
a (crystalline) substrate where long range translational order is present, the 2D phase transitions 
can be grouped in a few universality classes, such as the Ising and Potts models2, based on the 
symmetry of the system. These models predict the nature of the order-disorder transition and the 
critical exponents. Experimental validation of the theories is limited, because the investigated 
systems are never completely two-dimensional. Typical pseudo two-dimensional systems are 
monolayers supported on a substrate or crystal surfaces.3-6 The samples have to be as perfect 
as possible, since defects and steps can easily influence the critical behavior. 7
We have studied the nature of the ‘2D’ melting transition of a lead monolayer (ML) on 
Ge(111), which is a convenient model system .8 The mutual solid solubility is negligible and 
the system forms a well defined interface. In addition, lead has a low melting point as well 
as a low vapor pressure. The phase diagram of the Pb/Ge(111) system has been extensively 
studied8,9 (see Figure 5.7). Two stable (v^3 x v /3)R30° (v^3 in short) phases can be formed on 
the surface, a low density a-phase at 1 ML and a dense ß -phase, which is stable at coverages 
between 1.25 and 4 ML. The a-phase has a transition temperature of 400°C. At this temperature 
the desorption rate of Pb of the surface is so high that experiments are very difficult. The melting 
temperature of the ß  phase depends critically on the coverage, ranging from 180°C to 250°C. 
When more than 3 ML of Pb is deposited on the surface a meta-stable ß  ’ phase forms.9 This 
phase has a structure which closely resembles the structure of the ß  phase, but the excess Pb 
on the surface pins this structure and prevents it from melting. Here, we focus on the 2D phase 
transition of the ß  phase. Because this system has three equivalent \/3  domains, it is expected 
to fall in the Potts universality class with q =  3.
The structures of both the solid and the molten ß -phase have been investigated by several 
groups.8-10 It has been found that the ‘liquid’ phase at a coverage around 1.25 ML has both solid 
and liquid character. The Pb atoms spend a significant fraction of their time close to lattice 
sites. Previous experiments on this system showed a peak broadening close to the transition
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Theta (degrees)
Fig. 6.1: Rocking scan ofthe ( §, 3 , 0.3) reflection at 440K. The log scale shows the very long tails o f the 
Lorentzian line profile.
temperature indicating a continuous transition, but the corresponding critical exponents were
not determined. 8,10
Here, we report an experimental analysis of the critical exponents 7 , ß  and v  of the melting 
transition of the ß -Pb/Ge(111) system. The critical exponents are determined using surface x- 
ray diffraction (SXRD), which is very suitable to probe the long and short range order of the 
system. We show that the \ /3  ^  (1 x 1) phase transition is indeed continuous. However, the 
critical exponents measured do not correspond to the expected 3-state Potts exponents, instead 
they show a typical mean-field behavior.
6.2 Experimental
The SXRD experiments are performed in an ultra high vacuum environment (UHV) on the 
DUBBLE beamline (ESRF, Grenoble) . 11 The set-up consists of a UHV chamber which was 
modified to fit on the 2+3 circle diffractometer. 12,13 The base pressure of the system was 3 • 
10_1° mbar, during the surface preparation the pressure never exceeded 1 • 10_9 mbar. All 
data were measured at a wavelength of 1.13A, with a constant incoming angle of 1°. The 
Ge(111) sample was heated using a filament, while the temperature stability was monitored 
using a thermocouple. The temperature was derived using the power of the filament, which was 
calibrated against the bulk Pb melting point. The absolute error in the critical temperature is ±  
10 K, but the relative error ±  1K.
To denote the surface structure, we use a 1 x 1 surface unit cell for Ge(111), whose lattice 
vectors are expressed in terms of the conventional cubic lattice by a 1 =  2 [101], a2 =  2 [110] and
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Fig. 6.2: Broadening ofthe ( | , | , 0.3) reflection at different temperatures. a) The profile measured at 
T =  440K (dots), which is equal to Flong (q). The solid curve is a Lorentzian fit. b) Profile 
measured below Tc at 510K, the solid line is a fit composed of two Lorentzian line shapes, 
the long range order contribution (dotted line) and the critical scattering (dashed line), c) Profile 
measured above Tc at526K, where only the critical scattering is present, the solid line is a single 
Lorentzian fit.
a3 =  I  [111]. The coordinates are in units of the germanium lattice constant (5.66 A at 300 K). 
The corresponding reciprocal lattice vectors bi are defined by ai • bj =  2n6ÿ. The momentum 
transfer Q, which is the difference between the incoming and outgoing wave vectors, is denoted 
by the diffraction indices hkl in reciprocal space: Q =  hbi +  kb2 +  ib3. The indices (hk) refer 
to the in-plane component of the momentum transfer and l to the perpendicular component.
The polished Ge(111) crystals were cleaned using repeated cycles of sputtering and anneal­
ing until a c(2x8) reconstruction was observed. The miscut of the crystals was ~0.2° which 
corresponds to an average terrace width of ~  900 A . A Knudsen effusion cell was used for the
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deposition of Pb. The deposition rate was calibrated by observing a diffraction peak from the 
\ / 3  reconstruction.10 The -\/3-Pb/Ge surface is obtained as follows. First Pb is deposited on 
the surface at 200°C, which is above the lowest transition point at 180°C but below the melting 
point of the ß  phase, resulting in a meta-stable ß ’ phase9. Subsequently this phase is annealed 
at 350°C and cooled to room temperature, resulting in a ß  phase with a coverage of 1.28 ML. 
At this point the surface consists of a 2-dimensional Pb layer having a ß  structure and a few 
large 3-dimensional Pb islands, which do not interact with the rest of the surface.9
To obtain the critical exponents, the ( | , f , 0.3) reflection is monitored over a wide tempera­
ture range. Measurements are performed at both increasing and decreasing temperatures and on 
different samples and preparations. At every temperature the surface was allowed to equilibrate 
until no changes in peak height and width were observed and the thermocouple showed a stable 
read-out. Wide rocking scans (±3.5°) are performed to obtain accurate background information 
and the detector slits were set fully open (±0.2°) in order to obtain a fairly complete integra­
tion in this direction (a full integration of the Lorentzian line-shapes is nearly impossible).13 A 
typical example of a rocking scan is shown in Figure 6.1.
6.3 Data analysis
At low temperatures the ß -Pb/Ge(111) surface consists of three equivalent V3  domains with 
equal occupancy and with a domain size that is limited by defects and steps. This is the longest 
length scale in our system. When approaching the melting point, small domains develop within 
the large domains. At the critical temperature the small domains form a connected network, 
while the initial long-range order domains have disappeared. The small domains give rise to 
critical scattering, which reaches a maximum at the critical temperature and vanishes at higher 
temperatures.
Thus, the total scattering S(q,t)  consists of a long-range order, a critical scattering and a 
background scattering term:
S (q,t) Ilong(t') Flong (q) +  Fcrit(t i q) +  1bg. (6 1 )
Here q is the distance to the measured fractional-order reflection and t =  \T — Tc\ is the dif­
ference from the critical temperature Tc. The first term, describing the long-range order, is 
the product of an intensity, Ilong (t) with a line shape Flong (q). In this case of three equivalent 
domains and a measurement of a fractional-order reflection, the line-shape is expected to be
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Lorentzian14, and that is indeed what we find. There is no true long-range order and the con­
stant peak width is determined by steps and defects. For a continuous transition Ilong (t) behaves 
like y /Ilong «  tß, where ß  is the critical exponent of the order parameter. At temperatures above
Tci Ilong °.
The second term describes the short-range fluctuations, i.e. the critical scattering. Above Tc, 
this is the only remaining term, apart from the background scattering Ibg. The critical scattering 
is approximated with a Lorentzian line shape,
Fcrit(q, t)  =  x (t) 2  ^ 2 , (6.2)a 2 +  4q2
where x(t)  denotes the susceptibility and a  is the FWHM, which is inversely proportional to 
the correlation length £. The susceptibility depends on the critical exponent y, according to 
X =  Xo\t\-Y , while the correlation length behaves like £ =  £0\t\- v .
At T  ^  Tc the critical scattering can be neglected and the only term contributing to the 
scattering is the long-range order term with a single Lorentzian line shape. The width of the 
profile remains constant and is fixed at the low-temperature value during the fitting procedure. 
Figure 6.2a shows a typical example of such an experimental curve. Figure 6.2b shows a profile 
at a temperature just below Tc. Here both terms contribute to the scattering. This profile can be 
fitted with a two-component lineshape, a sharp peak for the long-range order (with a fixed width) 
and a wider peak for the critical scattering. At temperatures above Tc, the critical scattering is 
the only remaining contribution (Figure 6.2c) and the experimental profile can again be fitted 
with a single Lorentzian.
This analysis of the experimental profiles resulted in a data set of x, Ilong and a  as function 
of temperature. To obtain the corresponding critical exponents ß , 7  and v  these order parameters 
are fitted simultaneously. The temperature Tc is included as a fit parameter. The experiments 
are performed at a constant coverage of 1.28 ML. The excess Pb available on the surface is 
not in equilibrium with the two-dimensional lead monolayer, 9 and thus the experiments are not 
performed at constant chemical potential ß. Therefore, the exponents measured are effective 
exponents and they have to be Fisher renormalized, 15
ßn =  ß  , Vn =  v and Yn = - ^ — . (6.3)
1 — a  1 — a  1 — a
where a  is the specific heat exponent, which equals 3 in case of a three state Potts model.
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Table 6.1: Theoretical and experimental values for the critical exponents. The best fit values are calcu-










3-states Potts model, Fisher renormalised 
Mean field model
6 «  0.83 
4 =  1.25 
0.5
f  «  1.44 
f  «  2.17 
1
9 « 0.11
6 «  0.17 
0.5
*When the data close to Tc is included a value of ß =  0.23 is found .
T-Tc (K)
Fig. 6.3: Ilong (triangles), u (open circles) and x (closed circles) plotted on a log scale as a function of 
the temperature difference T — Tc. The critical temperature Tc is 520 K. The solid lines are 
best fit calculations giving values of ß =  0.23, v =  0.51 and y  =  1.05. The dashed lines are 
calculations with fixed 3-state Potts exponents.
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Temperature difference, |T-Tc| (K)
Fig. 6.4: Peak height of Ilong vs. t. The data follow a straight line (solid line) showing mean field 
behavior, but close to Tc a deviation from this line is visible. The dashed line is a fit of the 
complete data, including the data close to Tc giving a ß exponent of 0.23.
6.4 Results and discussion
The resulting values for Ilong, x  and a are plotted in Figure 6.3 and show the expected behavior 
at the phase transition. Ilong drops to zero at Tc, while the susceptibility shows a peak at the 
transition temperature where a has a minimum. The scatter in the values is quite small, demon­
strating that the data is good enough to reliably decompose the profiles in two Lorentzians. In 
earlier experiments on different systems the critical scattering below Tc was never observed. 
3-6 The value found for the width of Flong (q) is 0.05°, which corresponds to a domain size of 
1100Â. The critical temperature found in the fit procedure was 520 ±  10K.
Theoretically, the susceptibility and correlation length diverge at Tc, resulting in a ^-profile, 
but in practice these values are bound by finite size effects. To eliminate these effects the data for 
X and a at an interval A T  around Tc are omitted from the fit. The value for A T  was determined 
by increasing it until no changes in 7 , v and Tc were found. This yielded A T  =  ±5K. The 
values of 7  and v  determined by this procedure were 1.05 and 0.51 respectively. Figure 6.3 
shows the best fit (solid lines). The data for x  deviate at high temperatures, which is probably 
due to desorption of Pb from the surface.
Omitting the data near Tc is a rather crude, but often used, way to correct for finite size 
effects. The precise consequences of finite size effects are not known for this system, but to 
some extent we may account for these effects by convoluting the critical scattering with a profile 
representing the finite size effects. While also imperfect, this yields an alternative method to 
derive the critical exponents and thus provides an additional error estimate as well. At Tc the
82
Melting behavior o f  the ß -  Pb/Ge(111) structure
theoretical profile of Fcrit is a ^-function, and thus the measured profile at Tc yields the width 
and height of the finite-size smearing function. For convenience, we then use the following 
relations:
where x exp and aexp are the measured values, x th and ath are the values expected theoretically 
and where Xfin. size and af in. size take into account the finite size effects. From the profile at 
Tc, we find Xfin. size =  800 and a f in. size =  0.1°. Using this, we find for the critical exponents: 
v  =  0.44 and 7  =  0.90. In the course of the analysis, we have also calculated the results of using 
a convolution of two Lorentzians or of two Gaussians, and found that the critical exponents are 
similar to the ones obtained from the simple method.
The critical exponents v  and 7  show large deviations from the values expected for the three- 
state Potts model, see Table 6.1. For comparison, a fit is shown in Figure 6.3 with fixed Potts 
exponents (dashed lines). Instead, the values found for v  and 7  are close the the values expected 
for mean field behavior (Table 6.1).
The exponent ß  is derived from the Ilong data. When all data, including the points near Tc, 
is included, we find ß  =  0.23. This does not agree with the three state Potts model (see Figure 
6.3), but also not with the mean field value of ß  =  0.5. In order to explore the behavior of Ilang, 
the data is plotted on a linear scale as function of t  in Figure 6.4. This representation should 
result in linear behavior in case of mean field behavior. The data indeed follow a straight line at 
temperature differences larger than 4K, but deviations occur at temperatures close to Tc. Note 
that this is the same range as estimated for the finite size effects in the other exponents. When 
this data is omitted from the fit a value of ß  =  0.48 ±  0.04 is found, which agrees with the mean 
field model. Table 6.1 summarizes the exponents found using the different methods.
Apparently, the long-range scattering exhibits a mean field behavior, but close to Tc devi­
ations of this behavior occur similar to the deviations for the critical scattering. A fit of Ilong 
including all data results in a ß  value of 0.23, which is in between the values expected for mean- 
field (0.5) and the three state Potts model (0.17, when Fisher renormalised). This indicates that 
a cross-over from mean-field to the three state Potts model occurs close to Tc, as is expected 
theoretically16. Also finite size effects may play a role close to Tc and can cause a deviation 
from mean field behavior. The degree of long-range behavior of the potential determines the 
range of temperatures close to Tc in which the Potts behavior is still observed. Unfortunately, 
there are not enough data points close to Tc to determine the critical exponent ß  solely from
1 1 1
(6.4)
x th x fin. 
2 i 2 (6.5)
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the data in this area. The same behavior is expected for the exponents 7  and v, but for these 
finite-size effects play an important role for the critical scattering close to Tc.
In the case of mean field the Fisher exponent a  is equal to 0 and no effective Fisher renor­
malisation takes place. For all three exponents, we thus find an excellent agreement with the 
values for mean field behavior. This points to a long range interaction of the potential. Likely, 
the Pb atoms on the surface have a metal-like interaction. It would be interesting to compare the 
critical exponents of the ß  phase with those of the a  phase. This phase has a low density with a 
coverage of 3 ML, and does not show metallic behavior at temperatures above 213K17. Similar 
behavior has been observed for the He-graphite system where, depending on the preparation, 
both mean field18 and three state Potts19 values for the exponent a  were found. However, due 
to the higher transition temperature of the a-Pb/Ge(111) structure, the measurement of these 
exponents is very difficult.
6.5 Conclusions
We have examined the 2D phase transition of the v /3-Pb/Ge(111) phase. The exponents cor­
respond to the values expected for mean field behavior. Deviations for the susceptibility and 
correlation length occur at temperatures close to the critical temperature, which are due to fi­
nite size effects. The data for Ilong show a deviation close to Tc, which is probably due to a 
cross-over from mean field behavior to three state Potts behavior. The mean field behavior of 
the surface shows that the atoms have a long-range interaction potential.
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Summary
The surface of a crystal is the place where the crystal interacts with its environment. Knowledge 
of the atomic structure of a solid-liquid interface is important to understand the different pro­
cesses occurring at the surface, such as crystal growth. Both the structure at the solid side and 
on the liquid side of the interface deviate from the bulk structure. The crystal surface can show 
relaxations and even a reconstruction of the outermost surface layer. The liquid at the surface 
‘feels’ the periodic potential of the crystal and can adopt some of its ordering. In this thesis 
two different kind of solid-liquid interfaces have been investigated, ionic crystals in water and 
molten metal monolayers on a germanium crystal.
The first two chapters describe the interface structure of KDP and KBC crystals in their 
growth environment. In chapter 2 we have used surface x-ray diffraction to determine the 
atomic structure of the liquid at the KDP/water interface using ultra-thin water layers. These 
ultra-thin layers were obtained using a specially developed ’environment cell’ in which the 
relative humidity is 100% and the temperature can be controlled. The water layer thickness 
increases with increasing relative humidity and temperature (i.e. with increasing water vapor 
pressure).
The liquid structure at the interface shows two important features. First, at all conditions 
measured the crystal is covered with two ice-like layers of water molecules that are tightly 
bound to the surface and occupy well defined positions on the surface. Second, these ice-like 
layers are covered by a diffuse water layer in which the first layer of water molecules still shows 
some ordering. The highly ordered first two water layers were unexpected for this crystal in 
contact with its growth solution. These layers must arise from the strong interactions with the 
ionic surface and deserve further theoretical investigation.
Chapter 3 describes the surface structure of KBC crystals in an humid environment. Both the 
(001) and (001) faces are investigated. On both faces an etch-resistant layer develops, which 
is shown to be amorphous. The interface between the etch-resistant layer and the bulk KBC 
crystal is strongly influenced by the relative humidity. This indicates that water molecules can
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penetrate through this layer. The interface is atomically flat and shows no reconstructions. The 
crystal is terminated in an A  termination, of which the outermost molecules are most sensitive 
to the relative humidity: at 40% RH they show an expansion and at 100% they are compressed. 
The measurements performed on the (001) face suggest a different atomic structure of this face, 
which gives some more insight in the hypomorphism found for the KBC crystals.
Liquid metal monolayers on a Ge(111) surface are described in chapters 4, 6 and 5. In 
chapter 4 the Sn/Ge(111) system is discussed. At higher temperatures the Sn layer is molten. 
The structure of the molten Sn-layer has been determined at different temperatures with SXRD 
experiments. Our analysis shows that the liquid Sn exists as a dynamic, 2D-layer with Sn atoms 
residing preferentially on sites imposed by the Ge(111) lattice. The structure of the liquid 
Sn layer gradually changes with temperature from more solid-like to more liquid-like. The 
most important change is the decrease of the percentage of Sn atoms near lattice sites at higher 
temperatures. The question arises whether this behavior changes if  the liquid layer changes 
from 2-dimensional to 3-dimensional. Unfortunately, the Sn/Ge(111) system is not suitable to 
investigate this, because the Sn layer does not completely wet the Ge surface at higher coverage.
The Pb/Ge(111) system is investigated in the last two chapters. The structure of the low- 
temperature phase is discussed in chapter 5 while the nature of the melting transition is de­
scribed in chapter 6. We have shown that at a nominal coverage of |  ML two different \/3  
structures exist, the ß  and ß ’ structure, which combine small structural differences with a large 
difference in transition temperature and melting behavior. The different melting behavior of the 
two phases can be explained by the bulk Pb atoms on the surface. On the ß ’ surface, the excess 
Pb is distributed evenly on the surface in small islands. Each Ge(111) terrace is in direct contact 
with a bulk Pb island, and these islands act as a vacancy sink, inhibiting the ß ’ structure from 
melting until the bulk melting point is reached. After cooling, the excess Pb is arranged in big­
ger islands that do not influence the melting behavior of the ß  phase. A microscopic technique 
(e.g. STM or LEEM) is necessary to confirm our hypothesis for the behavior of the excess Pb.
The critical exponents of the 2D phase transition of the ß  phase correspond to the values 




Veel eigenschappen van vaste stoffen, zoals wrijving, oplossnelheid en kristalgroei, worden 
bepaald door het oppervlak van een kristal, omdat dit de plek is waar het kristal interactie heeft 
met zijn omgeving. In het geval van kristalgroei uit de oplossing bevindt het kristal zich in een 
vloeistof en is de atomaire structuur van zowel het kristaloppervlak als de vloeistof belangrijk. 
Beide zullen verschillen van de bulkstructuur. De buitenste molecuullagen van het kristal kun­
nen relaxeren of zelfs gereconstrueerd zijn. De vloeistof aan het oppervlak wordt beïnvloed 
door de periodieke potentiaal van het kristal en kan daardoor (meer) geordend worden. In dit 
proefschrift worden twee soorten systemen bekeken, ionische kristallen in water en gesmolten 
metaallaagjes op een germaniumkristal. De atomaire structuur van dit soort grensvlakken is 
gemeten met oppervlaktediffractie.
De structuur van het KDP/water grensvlak wordt beschreven in hoofdstuk 2. Om deze 
structuur te kunnen meten moeten zeer dunne laagjes water gebruikt worden. Deze ultradunne 
vloeistof laagjes worden verkregen in een cel waarin de vochtigheidsgraad en temperatuur kun­
nen worden geregeld. De dikte van de waterlaag neemt toe bij hogere temperatuur en vochtig­
heidsgraad (d.w.z. bij een hogere waterdampspanning). De vloeistof bij het KDP oppervlak ver­
toont twee belangrijke kenmerken. Onder alle omstandigheden waarin gemeten is, zijn de twee 
eerste vloeistoflagen ijsachtig. Deze twee lagen hebben een sterke binding met het oppervlak en 
kunnen meer als een vaste stof beschouwd worden dan als een vloeistof. De watermoleculen in 
deze twee lagen nemen goed gedefinieerde posities in op het KDP oppervlak. Deze eerste twee 
lagen worden bedekt door een diffuse waterlaag, welke nog een klein beetje ordening vertoont. 
De sterke ordening van de waterlagen op het oppervlak was niet verwacht voor dit systeem 
en kan veel effect hebben op de kristalgroei, omdat het inbouwen van groeieenheden op het 
oppervlak belemmerd wordt door de aanwezigheid van het water.
Hoofdstuk 3 beschrijft de structuur van een KBC oppervlak in een vochtige omgeving. 
Zowel het (001) vlak als het (001) vlak zijn onderzocht. Op beide vlakken vormt zich een 
laagje dat resistent is tegen etsen. Uit de diffractie experimenten blijkt dat deze laag amorf is.
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De structuur van het grensvlak tussen deze laag en het kristaloppervlak wordt sterk beïnvloed 
door de vochtigheidsgraad van de omgeving. Dit duidt erop dat watermoleculen makkelijk 
door de ets-resistente laag heen kunnen diffunderen. Het grensvlak is atomair vlak en is niet 
gereconstrueerd. Het KBC kristal heeft een A  terminatie, waarbij de buitenste moleculen sterk 
beïnvloed worden door de omgeving. Gemeten in 40% luchtvochtigheid zijn deze moleculen 
geexpandeerd en in 100% luchtvochtigheid juist gecomprimeerd. De metingen die gedaan zijn 
op het (001) vlak laten zien dat de atomaire structuur van dat vlak waarschijnlijk verschilt van 
de atomaire structuur van het (001) vlak. Dit geeft meer inzicht in het hypomorfisme dat in KBC 
kristallen gevonden wordt. Om hier helemaal zeker van te zijn, zijn echter nog meer diffractie 
data nodig.
Systemen met metallische monolagen vormen het onderwep van de hoofdstukken 4, 6 en 5. 
In hoofdstuk 4 wordt het Sn/Ge(111) systeem beschreven. Bij hoge temperaturen is de Sn laag 
gesmolten. De structuur van deze gesmolten laag is gemeten bij verschillende temperaturen. 
De analyse laat zien dat de vloeibare Sn laag een dynamische 2D laag is, waarin de Sn atomen 
een groot gedeelte van de tijd op symmetrische roosterpunten doorbrengen. De structuur van de 
vloeistof verandert geleidelijk als de temperatuur verhoogd wordt en wordt steeds vloeibaarder. 
De belangrijkste verandering is de vermindering van het percentage atomen dat zich vlakbij 
de roosterpunten bevindt bij hogere temperaturen. Het blijft de vraag of dit gedrag verandert 
als de vloeistof van een 2 dimensionale laag naar een 3 dimensionale laag gaat. Helaas is het 
Sn/Ge(111) systeem niet geschikt om dit te onderzoeken, omdat bij een hogere bedekking het 
Sn kleine druppeltjes vormt op het oppervlak.
Het Pb/Ge(111) systeem is beschreven in de laatste twee hoofdstukken. Hoofdstuk 5 be­
handelt de structuur van de lage-temperatuur fase, terwijl de faseovergang beschreven wordt in 
hoofdstuk 6. We hebben gevonden dat bij een nominale bedekking van 4 monolaag er twee ver­
schillende \ /3  structuren bestaan, de ß  en ß ’ structuur. Deze twee structuren hebben een sterk 
verschillend smeltpunt en smeltgedrag ondanks dat de atomaire structuur weinig van elkaar ver­
schilt. Het verschil in smeltgedrag kan verklaard worden door de verdeling van het overtollige 
lood op het oppervlak. Bij de ß ’ structuur is het overtollige lood verdeeld over kleine bulk Pb 
eilandjes. Elk terras staat in direct contact met een bulk lood eilandje. Deze eilandjes gedragen 
zich als een bron van loodatomen en elke vacature die gevormd wordt, wordt onmiddellijk weer 
opgevuld. Dit zorgt ervoor dat de ß ’ structuur niet kan smelten en pas bij het smeltpunt van 
bulk lood, als de bulk eilandjes gesmolten zijn, kan ook de 2 dimensionale structuur smelten. 
Als dit gebeurd is en het oppervlak wordt weer afgekoeld tot kamertemperatuur, dan wordt het 
overtollige lood herverdeeld over het oppervlak. Het vormt dan een paar grote eilanden die geen
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invloed hebben op het smeltproces omdat de meeste terrassen op het germaniumkristal niet in 
direct contact staan met zo’n eiland. Om deze hypothese te controleren is een microscopische 
techniek nodig zoals STM of LEEM. Het smeltgedrag van de ß  fase vertoont een duidelijk 
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